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SECTION  1 


INTRODUCTION 

This  report  presents  some  key  data  that  were  required  in  the  early 
part  of  the  Flexible  Case-Grain  Interaction  Program.  A  number  of  program 
delays  have  caused  the  results  to  become  outdated,  while  new  test  data 
have  shown  that  these  early  measurements  may  contain  some  inaccuracies. 

The  following  sub-sections  give  the  objectives  for  this  work, 
statements  of  the  problems  requiring  STV  evaluations,  and  a  summary  of 
some  of  the  difficulties  subsequently  obtained  while  using  the  normal 
stress  gages.  A  final  sub-section  briefly  outlines  the  text  of  the  STV 
report. 


A.  OBJECTIVES 

Five  special  studies  were  performed  using  the  fiberglass  structural 
test  vehicles  (STV's).  These  studies  were  conducted  to  verify  that  several 
types  of  embedded  stress  transducers  and  their  installation  methods  could 
be  successfully  used  without  affecting  the  integrity  of  the  grain  or  fiber¬ 
glass  chamber  of  the  Minuteman  HI,  Third  Stage  motor.  This  latter  require 
ment  reflects  the  fact  that  these  STV  studies  constitute  just  one  task  of 
the  "Flexible  Case-Grain  Interaction  Program". 


The  overall  program  involves  a  heavily  instrumented  third  stage 
motor  that  was  designed  as  a  full-scale  structural  test  vehicle.  The 
original  purpose  of  this  instrumented  motor  was  to  provide  an  experimental 
assessment  of  existing  structural  analysis  techniques  in  the  prediction  of 


grain  stresses  and  strains  under  various  conditions  of  handling  and  use. 
Unfortunately,  this  objective  had  to  be  changed  due  to  unexpected  problems 
In  the  use  of  the  transducers.  A  description  of  the  STV  evaluations  con¬ 
ducted,  and  a  brief  discussion  of  how  the  gage  problems  Impact  the  STV 
data  re  presented  below. 

B.  PROBLEMS  REQUIRING  STV  EVALUATIONS 

The  required  Instrumentation  in  the  full-scale  motor  led  to  a  number 
of  problems;  particularly,  at  the  propellant-insulation  bondline.  Here, 
a  large  number  of  gages  (about  56)  with  a  much  larger  number  of  leadwires 
(about  185  wires)  were  required  to  gain  the  desired  data.  These  leadwires 
could  have  been  bonded  to  the  Insulation  surface  and  brought  out  through 
fore  and  aft  bosses.  But,  that  approach  probably  would  have  affected  the 
bondline  Integrity  of  the  grain:,  especially,  where  a  large  number  of  the 
wires  would  come  together.  The  problem  was  solved  by  bringing  the  lead- 
wires  out  through  the  case  wall.  Such  an  approach  had  been  demonstrated 
on  other  motors,  but  Its  acceptability  to  the  Mlnuteman  motor  required 
further  evaluation.  That  became  one  of  the  tasks  requiring  STV  testing 
(see  STV  No.  1 ,  below) . 

In  addition,  a  nunber  of  technical  problems  had  been  solved  on 
paper  or  In  the  laboratory.  But,  before  they  could  be  applied  In  the 
full-scale  motor,  these  solutions  had  to  be  demonstrated  and  evaluated 
under  motor  use  conditions.  The  structural  test  vehicles  provided  the 
testing  medium  for  these  evaluations  and  demonstrations. 

The  original  plan  was  to  use  only  four  STV's,  but  a  fifth  was 
added  to  complete  some  testing  requirements  overlooked  In  the  earlier 
STV  testing.  The  five  STV's  and  the  problems  they  were  designed  to 
address  are  described  below. 
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1.  STV  No.  1  -  Bonding  and  Case  Failure  Tests 


Task  Statement: 

Conduct  bonding  and  case  failure  tests  with 
normal  stress  gages  and  thermocouples  to 
define  the  best  technique  for  through-the- 
case  wall  installation. 

This  task  involved  two  separate  evaluations.  First,  there 
was  the  problem  of  drilling  holes  tr. rough  the  fiberglass  case  as 
mentioned  above. 

Second,  the  flexibility  of  the  case  produces  problems  of 
differential  deformations  with  respect  to  the  rigid  metal  normal  stress 
gages.  The  solution  to  this  problem  involved  the  use  of  an  elastomeric 
adhesive,  whose  adequacy  had  to  be  verified  in  an  STV. 


2.  STV  No.  2  -  Evaluation  of  Gage  Potting  and  Calibration  Methods 


Task  Statement: 


Pre-pot  and  calibrate  normal  stress  gages  and  shear 
qages,  then  test  under  hydrostatic  and  differential 
pressures  while  measuring  viscoelastic  responses  of 
the  propellant.  Also,  compare  the  performances  of 
gages  using  the  pre-pottinq  procedure  with  those 
post-potted  in  propellant  (the  conventional  method). 


This  task  involved  protecting  the  instrumented  case  during 
motor  firing.  Wherever  gage  leadwires  were  brought  through  the  case 
wall  there  existed  the  possibility  of  case  burn-through.  To  protect 
against  this  contingency,  all  of  the  gages  were  to  be  embedded  within 
rubber  insulation  material.  This  was  accomplished  partly  by  potting 
the  gages  and  partly  by  embedding  the  gages  within  the  V-45  insulation 
layer. 
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This  task  also  required  a  pertomwince  evaluation  of  a  new 
small  diameter  (0.1  in.  diaphragm)  normal  stress  gage.  This  gage  was 
required  for  making  measurements  in  high  stress  gradient  areas.  Previous 
to  this  program  the  normal  stress  gages  used  0.25  in.  diaphragms. 

3.  STV  No.  3  -  Failure  Detection  Using  Shear  and  Failure 

Fvent  Gages 

Task  Statement: 

Verify  shear  gage  and  failure  event  gage  performances 
up  to  failure  of  the  grain/insulation  bond. 

Because  of  the  very  largo  bondline  areas  in  the  Minuteman  III 
motor,  it  was  essential  that  as  many  of  the  gages  as  possible  be  able 
to  detect  local  failures.  This  required  the  use  of  a  new  rugged  version 
of  the  shear  cube  (developed  by  Harold  Leeming,  Ph.D.,  and  Associates). 

All  previous  designs  were  far  too  fragile  for  this  treatment. 

To  give  an  additional  failure  detection  capability  at  a  low 
price,  ASPC  designed  an  elastomeric  failure  event  gage.  This  gage  is  a 
simple  device  designed  to  detect  passage  of  a  crack  or  bondline  senaration. 
The  gage  was  made  of  a  conductive  rubber,  failure  of  the  gage  being 
determined  by  the  loss  of  electrical  conductivity. 

4.  STV  No.  4  -  Investigation  of  Stress-Free  Temperature  Change 

Task  Statement: 

Stress-free  temperature  monitoring  during 
motor  storage  and  test  at  80°F. 
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The  behavior  of  the  solid  propellant  itself  is  known  to 
cause  a  number  of  analytical  difficulties.  One  of  these  difficulties, 
changes  in  the  stress-free  temperature,  is  especially  important  to  the 
use  of  stress  gages  in  solid  propellant  grains.  STV  tests  of  this 
parameter  were  intended  only  to  illustrate  the  problem  for  ANB-3066 
propellant. 


This  background  will  be  of  value  in  later  evaluations  of 
future  test  data  from  a  second  full-scale  motor  prepared  on  this  program. 
That  motor  is  expected  to  show  significant  changes  in  its  stress-free 
temperature. 

5.  STV  No,  5  -  Re-test  of  STV  No.  3 
Task  Statement: 

Calibrate  normal  stress  and  shear  gages  using 
hydrostatic  and  differential  pressure  tests. 

Conduct  failure  detection  tests  using  shear 
and  failure  event  gages. 

C.  LATER  OBSERVATIONS  SHOWING  STRESS  GAGE  PERFORMANCE  ANOMALIES 

Numerous  anomalies  have  been  observed  while  monitoring  stress  gages 
in  the  full-scale  motor.  These  gave  large  effects  and  they  occurred  in 
almost  every  aspect  of  stress  gage  installation  and  measurement.  Because 
of  their  general  occurrence  in  the  full-scale  motor,  it  is  likely  that 
the  same,  or  similar,  anomalies  were  present  while  conducting  the  STV 
tests.  The  following  paragraphs  briefly  indicate  the  major  problems 
encountered. 
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1.  Effects  of  the  Fundamental  Premise  of  the  Program 


The  overall  program  was  conceived  on  the  premise  that  the 
stress  gages  were  proven  devices  and  fully  qualified  for  use  in  full- 
scale  motors.  In  actuality  that  premise  was  incorrect,  but  the  acceptance 
of  it  caused  everyone  associated  with  the  program  to  follow  a  rather 
casual  approach  to  gage  measurements.  A  number  of  preventable  errors 
in  the  data  acquisition  are  attributed  to  this  assumption. 

2.  Measurement  Accuracies 

After  a  revision  to  the  overall  program,  techniques  were 
adopted  by  ASPC  to  give  gage  output  signal  measurement  accuracies  that 
are  nearly  an  order  of  magnitude  better  than  those  previously  used  in 
the  industry  for  solid  propellant  stress  instrumentation.  (The  present 
data  measurements  are  limited  to  +  0.1  mv  or  +  1.5%  of  reading,  whichever 
is  larger).  Unfortunately,  the  early,  less  accurate  measurement  methods 
were  used  in  conducting  the  STV  tests. 

3.  Transducer  Stability 

The  stability  of  the  gages  in  aging  was  found  to  be  compromised 
by  corrosion  of  the  junctions  to  the  stainless  steel  leadwires.  After  two 
years  aging,  one  gage  was  found  to  have  changed  by  30  mv  output  (equivalent 
to  about  38  psi  stress).  Potentially,  this  leadwire  corrosion  could  lead 
to  any  electrical  change  up  to  infinite  resistance  (infinite  "apparent" 
stress).  Since  the  same  gage  designs  were  used  in  the  STV  tests,  it  is 
expected  that  some  of  the  leadwire  corrosion  was  also  present  when  these 
studies  were  conducted. 
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4.  Thermal  Effects 


It  has  been  said  that  these  devices  make  better  temperature 
sensors  than  stress  transducers.  This  Is  demonstrated  on  observing 
that  the  resistance  of  the  semi-conductor  strain  gages  (the  transducer 
sensing  element)  change  In  resistance  by  about  l-^/“F.  But  an  Imbalance 
between  paired  semi-conductors  of  only  +  0.05-^ represents  the  limit  of 
our  measurement  accuracy. 

The  large  temperature  sensitivity  of  the  semi-conductor  gages 
prevents  using  the  stress  transducers  under  thermal  gradients.  This  Is 
because  one  of  the  semi-conductors  Is  externally  mounted  and  the  other 
Internally  mounted  to  the  diaphragm.  In  these  positions  the  two  gages 
cannot  be  equally  heated,  or  cooled,  when  placed  In  a  thermal  gradient. 

Another  thermal  effect  of  Interest  Is  the  occurrence  of  self¬ 
heating  In  the  semi-conductor  gages.  The  flow  of  a  current  across  these 
gages  (which  act  like  resistors  of  about  500.rtat  room  temperature)  causes 
them  to  be  heated.  One  measurement  showed  a  temperature  Increase  of  about 
25°F  on  the  semi-conductor.  The  significance  of  this  effect  Is  that  the 
gage  slowly  heats  the  surrounding  material  and  theoretically  never  reaches 
equilibrium.  As  the  surrounding  material  gradually  warms  up,  so  does  the 
semi-conductor  which  causes  the  gage  output  voltage  to  change.  For  accuracy, 
we  have  found  It  practical  to  establish  upper  and  lower  limits  to  the  gage 
heating  times. 

5.  High  Rate  Pressurization  Effects 

While  conducting  some  simple  gage  evaluations  It  was  noted  that 
they  showed  marked  dependence  upon  the  rates  of  pressure  loading.  Recent 
measurements  (at  7.5°F)  gave  as  much  as  a  1  OX  difference  In  output  between 
a  high  rate  of  loading  (about  75  psi/sec)  behavior  and  a  constant  pressure 
"calibration". 
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Additional  effects  include  large  hysteresis  loops  on 
unloading  plus  a  residual  output  signal  at  zero  load  that  only  slowly 
recovers  to  its  original  value. 

The  mechanisms  causing  these  effects  have  not  been  defined, 
but  some  suspected  mechanisms  are: 

(1)  Pressure  heating  of  the  surrounding  material  giving  an 
imbalance  in  the  semi-conductor  gager 

(2)  A  viscoelastic  interaction  between  the  transducer 
diaphragm  and  the  surrounding  material. 

(3)  A  possible  viscoelastic  reaction  of  the  eooxy  adhesive 
that  bonds  the  semi-conductor  gaoes  to  the  transducer  diaphragm. 

This  latter  point  is  not  at  all  understood,  but  available 
data  strongly  suggest  that  it  could  be  happening 

6.  Overall  View  of  Stress  Transducers 

In  spite  of  the  negative  imoressions  given  above,  stress  trans¬ 
ducers  are  considered  to  be  conceptually  practical  devices.  But,  they  do 
need  further  development  prior  to  their  generalized  applications  as  experi¬ 
mental  stress  analysis  tools  for  solid  prooellant  grains. 

D.  ORGANIZATION  OF  REPORT 

The  report  was  organized  on  simple  li les  as  follows: 

Section  2,  Sunmary  and  Conclusions,  briefly  states  the  principal 
results  of  the  program. 
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Section  3.  Motor  Case  Design  and  Proof  Testing,  provides  descriptions 
of  the  motor  cases,  their  internal  Insulation  and  hydrotesting. 

Section  4,  Improved  Shear  Gage  Development  provides  a  review  of  the 
design  and  testing  of  the  improved  high-stress  shear  gages. 

Sections  5  to  9,  STV  No.  1  to  STV  No.  5.  describe  in  separate  sections 
the  experimental  and  analytical  efforts  conducted  on  these  test  motors.  The 
information  gained  from  each  study  is  described. 
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SECTION  2 


SUMMARY  AND  CONCLUSIONS 


The  structural  test  vehicle  (STV)  evaluations  described  In  this 
report  were  designed  to  verify  that  the  selected  types  of  embedded  stress 
transducers  and  their  Installations  would  work  properly  within  a  Third 
Stage  Minuteman  III  motor  and  would  not  Impair  the  structural  Integrity 
of  either  the  motor  case  or  the  propellant  grain.  To  this  end  a  series 
of  small  fiberglass  STV's  were  made  and  tested.  The  results  of  the 
tests  are  summarized  below: 

A.  STV  NO.  1 

This  STV  gave  experience  in  the  use  of  the  new  installation  tech¬ 
niques.  Several  useful  procedures  and  special  tooling  were  developed  as 
a  result  of  these  studies. 

The  planned  gage  installations  required  that  0.060- in.  diameter 
holes  be  drilled  through  the  motor  case.  Prior  experience  on  the  Polaris 
A-3  program  had  demonstrated  that  a  typical  fiberglass  case  was  not  sig¬ 
nificantly  weakened  by  small  holes  of  this  size.  The  tests  on  STV-1 
provided  the  added  demonstration  that  the  holes  would  not  cause  case 
degradation  leading  to  fissuring  of  the  surrounding  insulation  with  gas 
leaking  through  the  holes  in  the  fiberglass  case. 

B.  STV  NO.  2 

A  novel  technique  of  "pre-potting"  the  normal  stress  gages  within 
an  inert  insulation  material  (IBT-115)  was  devised  for  the  full  scale 
motor  program.  The  tests  on  this  STV  showed  that: 

Preceding  page  blank 
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1.  Pre-potting  of  these  transducers  may  be  satisfactory  for 
preliminary  calibrations  and  compensation  purposes.  Nevertheless, 
final  calibrations  and  compensations  should  be  made  after  the  gage 
is  mounted  in  place. 

2.  To  minimize  material  property  differences  the  potting 
or  prepotting  material  should  be  the  live  propellant  or  an  inert 
version  of  it. 

3.  Over  the  limited  temperature  range  of  30°  to  110°F  the 
IBT-115  pre-potted  gages  and  the  propellant  post-potted  gages  gave 
essentially  the  same  "measured"  stress  data,  within  expected  errors. 

4.  Both  types  of  gage  pottinq  are  sensitive  to  improper 
preparation  errors,  such  as  voids  occurring  within  the  potting  near 
the  gage  diaphragm.  Careful  procedures  plus  X-ray  examinations  of 
all  potting  procedures  should  be  instituted. 

The  shear  gage  performances  under  differential  (shear)  tests 
within  the  STV  were  very  similar  to  those  observed  during  the  cali¬ 
bration  within  the  shear  test  fixture.  However,  apparent  gage  cali¬ 
bration  factors  were  approximately  14%  higher  in  the  STV  than  those 
determined  in  the  shear  fixture,  assuming  a  uniform  shear  stress  along 
the  length  of  the  STV.  This  effect  was  attributed  partly  to  voids  or 
microvoids  within  the  grain  that  produced  a  more  compressible  propellant 
than  expected.  This  condition  would  produce  the  higher  gage  outputs 
(higher  apparent  gage  calibration  factors)  which  were  observed. 
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c. 


STV  NO.  3 


The  77®F  test  series  performed  on  STV  No.  3  was  designed  to 
evaluate  the  performances  of  the  shear  and  elastomeric  failure  gages 
under  realistic  combinations  of  pressure  and  shear  loads  up  to  failure 
of  the  propellant-liner-insulation  bond.  A  premature  failure  of  the 
bond  at  a  shear  stress  of  32  psi,  without  a  superimposed  hydrostatic 
pressure,  led  to  a  decision  to  make  an  additional  STV  (No.  5)  to 
repeat  the  complete  sequence  of  failure  tests. 

Thf  STV  No.  3  test  data  showed  that  the  new  ruggedized  shear 
gages  operated  satisfactorily  up  to  bond  failure.  But,  the  earliest 
types  of  elastomeric  shear  gages  proved  to  be  too  delicate.  Later 
experience  indicated  that  eight  of  ten  of  these  gages  would  break 
during  grain  casting.  On  the  other  hand,  two  of  the  failure  event 
gages  debonded  rather  than  breaking  during  the  differential  pressure 
tests.  Clearly,  more  development  work  was  required  before  re-evaluating 
the  event  gages  in  STV  No.  5. 

D.  STV  NO.  4 

This  STV  was  similar  in  design  to  the  other  STV's  and  contained 
two  normal  stress  gages  and  two  shear  gages.  One  purpose  of  this  STV 
was  to  determine  changes  in  the  stress-free  reference  temperature  which 
would  occur  in  ANB-3066  propellant  during  long  term  storage  at  77‘’F.  The 
normal  stress  data  for  STV  No.  4  decayed  from  approximately  5  psi  at  the 
start  of  storage  at  77"F  to  0  psi  then,  seemingly,  became  compressive 
after  33  co  46  weeks.  This  behavior  is  attributed  to  changes  in  both 
the  stress-free  temperature  of  the  propellant  grain  and  the  zero-stress 
calibration  of  the  normal  stress  gages.  The  relative  contributions  of 
these  two  effects  could  not  be  estimated  from  the  available  data. 
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Another  test  performed  on  STV  No.  4  was  a  week-long  differential 
pressure  test  to  ascertain  whether  plastic  deformation  was  obtained  with 
the  propellant.  Monitoring  of  the  grain  displacements  after  removal  of 
the  pressure  showed  that  a  creep  of  approximately  0.020-in.  remained 
30  days  after  the  end  of  the  test.  This  small  plastic  deformation  is 
possibly  insignificant. 

E.  STV  NO.  5 

This  STV  was  designed  to  evaluate  the  performances  of  the  shear 
gages  and  bondline  failure  event  gages  under  realistic  combinations  of 
hydrostatic  and  differential  pressure  (shear)  stresses.  The  shear  stress 
data  from  the  STV  gave  similar  gage  sensitivities  to  those  measured  in  the 
calibration  shear  fixture.  However,  precise  agreement  was  not  achieved. 
Observed  defects  in  the  gage  installation  techniques,  excessive  liner 
material  surrounding  the  gages,  and  significant  voids  close  to  the  gages, 
plus  an  estimated  5  vol.  %  level  of  casting  voids  in  the  grain,  are  con¬ 
sidered  to  be  factors  which  contribute  to  the  apparent  changes  in  gage 
sensitivities. 

A  significant  aspect  of  the  STV  No.  5  dav.a  was  the  verification 
that  shear  stress  gages  which  exhibit  a  large  sensitivity  to  hydrostatic 
pressure  will  produce  spurious  outputs  under  combined  shear  and  pressure 
loads.  Three  of  the  shear  gages  showed  an  excessive  response  under  hydro¬ 
static  pressure.  One  of  these  gages,  SH-39,  had  been  tested  under  combined 
hydrostatic  pressure  and  shear  during  its  calibration  and  had  been  rejected 
for  use  in  a  full-scale  motor  because  of  excessive  response  to  hydrostatic 
pressure.  Its  behavior  in  STV  No.  5  confirmed  that  this  decision  was 
warranted. 


The  STV  failure  tests  performed  with  a  hydrostatic  pressure  com¬ 
ponent  of  600  psi  were  successfully  carried  out;  failure  occurred  at  a 
gage-measured  shear  stress  of  22  psi.  All  the  shear  gages  gave  good 
indications  of  the  initiation  of  grain  failure.  All  four  of  the  failure 
event  gages  also  gave  clear  indications  of  the  initiation  of  bond  failure 
during  the  test. 

The  performance  of  the  improved  failure  event  gages  in  STV  No.  5 
was  very  encouraging  and  suggested  that  they  should  be  satisfactory  in 
the  full  scale  motor  applications. 
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SECTION  3 


MOTOR  CASE  DESIGN  AND  PROOF  TESTING 


A.  DESIGN 

The  STV  cases  were  designed  and  fabricated  to  the  drawing  shown  In 
Figures  1  and  2.  The  case  consisted  of  a  6  inch  I.D.  fiberglass  cylinder, 
which  was  made  of  an  Epon  828  resin  and  Dow  DER-330  glass  matrix,  helically 
wrapped  at  a  26.5  degree  angle.  The  wall  thickness  of  the  case  was  0.25  in. 
and  the  length  was  16.5  in.  The  ends  of  the  cases  were  machined  to  match 
tapered  end  rings  that  were  bonded  to  them.  The  closures  for  the  STV  cases 
were  steel  caps  fitted  with  0-rings  and  held  in  place  by  retaining  rings. 

The  simplicity  of  the  design  and  ease  of  fabrication  provided  a  very  econo¬ 
mical  structural  test  vehicle. 

STV  No,  1  was  different  in  that  a  4-in.  length  of  the  mid-section 
was  turned-down  to  give  a  wall  thickness  of  0.10  in. 

B.  HYDROTEST  OF  THE  STV  CASES 

The  primary  objective  of  these  tests  was  to  verify  that  the  STV  cases 
and  the  bonded,  steel  end  rings  exceeded  a  minimum  strength;  namely,  that 
required  to  support  1400  psig  internal  pressure. 

An  additional  effort  for  STV  No.  1  required  the  measurement  of 
axial  and  hoop  strains  in  the  case  as  the  motor  was  pressurized.  This 
test  was  performed  on  the  case  prior  to  machining  the  motor  sidewall. 

The  plan  was  to  determine  the  case  thickness  that  would  yield  more  than 
}%  hoop  strain  at  1800  psig  internal  pressure. 

The  testing  sequence  was  the  following: 

a.  Assemble  STV,  closures,  0-r1ngs,  and  pressurization  system  to  the 
schematic  shown  in  Figure  3.  Bond  tapered  steel  rings  to  the  ends  of  the 
fiberglass  case  using  Chemlok  305  adhesive  in  the  bond  interface. 

Preceding  page  blank 
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Figure  3.  Hydrotest  Setup  for  STV  Testing 
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b.  For  STV  No.  1,  only:  Bond  BLH-PA-7  strain  gages  on  to  the 
case  outer  surface,  at  its  midlength,  using  SR-4  post-yield  cement. 

c.  Fill  STV  with  water  and  bleed  out  air. 

d.  Perform  visual  leak  test. 

e.  Verify  that  the  STV  is  at  0  psig;  then  for  STV  No.  1,  only, 
zero  the  case  strain  gages. 

f.  Pressurize  STV  to  100  psig  and  check  for  leaks,  return  to 

0  psig. 

g.  Pressurize  STV  to  1400  psig,  hold  for  60  seconds  and  return 
to  0  psig. 

h.  Vent  STV  system  and  drain  water. 

1.  Visually  check  STV  for  any  structural  damage  and  verify  bond 
line  Integrity  between  STV  and  ring  on  tapered  portion. 

j.  After  the  testing  Is  complete,  dry  STV  with  a  clean  dry  cloth. 

All  of  the  STV's  were  hydrotested  according  to  this  plan.  Post- test 
damage  assessments  of  the  cases  and  end-joints  showed  them  to  have  no  apparent 
water  leaks  or  other  damuge  effects. 

The  measured  axial  and  hoop  strains  versus  applied  Internal  pressure 
are  given  In  Figure  4  for  STV  No.  1.  From  these  data  It  was  determined  that 
a  case  thickness  of  0.10  In.  would  yield  about  1%  hoop  strain  at  1800  psig 
Internal  pressure. 
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SECTION  4 


IMPROVED  SHEAR  GAGE  DEVELOPMENT 

A.  SHEAR  GAGE  DESIGN 

Shear  gages  available  at  the  start  of  this  program  were  delicate 
devices  designed  principally  for  measuring  low  shear  stresses  (1  to2ps1). 
They  were  not  suitable  for  measurement  of  the  large  bond  shear  stresses 
that  will  occur  during  the  high  rate  testing  of  the  full-scale  motor. 

Improved  shear  gages  were  designed  around  the  Kullte  "Ruggedized" 
semi-conductor  strain  gages.  These  devices  consisted  of  semi-conductor 
elements  embedded  within  a  matrix  of  epoxy-glass  as  shown  In  Figure  5. 

The  effect  of  the  epoxy-glass  matrix  Is  two-fold: 

1.  It  attenuates  the  strain  applied  to  the  semi-conductor 
element,  and 

2.  It  reduces  the  apparent  sensitivity  of  the  gage  element. 

Another  modification  Introduced  at  this  stage  was  the  use  of  V-45 
insulation  material  for  the  body  of  the  shear  gage.  It  was  believed  that 
the  V-45  rubber  would  exhibit  a  linear  and  almost  elastic  response  up  to 
much  larger  stresses  than  would  be  possible  in  an  inert  or  live  propellant 
material.  For  this  reason  it  was  expected  that  the  V-45  shear  gage  employing 
the  Kullte  ruggedized  semi-conductor  strain  gages  would  remain  intact  and 
would  not  fail  before  the  propellant-insulation  adhesive  bond  in  the  motor. 

A  test  specimen  was  designed  to  verify  the  performance  of  the  new 
shear  gages  up  to  failure  of  a  propellant-insulation  bond. 

B.  SHEAR  GAGE  FAILURE  TEST  SPECIMEN 

Figure  6  shows  the  test  specimen  adopted  for  testing  the  improved 
shear  gages.  The  configuration  provides  simultaneous  compression  and  shear 
to  the  1/2-in.  thick  V-45  rubber  sheet  containing  the  shear  gage. 
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Figure  5.  Shear  Gage  Made  from  Kulite  Ruggedized  Strain  Gage 


The  lower  part  of  the  specimen  was  made  of  wood  and  the  V-45  rubber 
was  bonded  to  it  with  an  epoxy  adhesive.  The  intent  of  the  specimen  was  to 
simulate  the  type  of  combined  compression  and  shear  stresses  which  would  be 
obtained  close  to  the  knuckle  region  during  a  pressure  test  of  a  full-scale 
motor. 


The  45"  angle  configuration  provides  equal  compressive  and  sr;ear  stresses  at 
the  gage  location.  Although  this  does  not  duplicate  the  full-scale  motor 
stress  distribution  it  was  believed  to  be  sufficiently  close  for  the  resulting 
test  data  to  be  meaningful.  Two  test  specimens  were  made  with  the  ANB-3066, 
third  stage  Minuteman  propellant  cast  onto  the  V-45  rubber  surface  and  cured 
for  the  required  period. 

C.  FAILURE  TEST  DATA  FROM  SHEAR  GAGES 

Prior  to  this  testing,  the  two  shear  gage  specimens  were  wired  into 
bridge  circuits.  Two  different  circuits  were  used  to  account  for  the  output 
ranges  that  would  be  preferred  when  using  the  gage  for  failure  test  measure¬ 
ments  and  for  measuring  small  stresses.  These  are  shown  in  Figures  7a  and  7b. 

The  only  difference  between  them  is  the  value  of  the  feed  resistor  used  to 
supply  the  bridges.  The  small  strain  type  of  circuit  employs  a  3.5K  ohm  feed 
resistor  whereas  the  large  strain  (failure)  gage  circuit  uses  a  13K  ohm  value 
feed  resistor. 

The  two  specimens  were  tested  in  combined  compression  and  shear  using 
a  constant  crosshead  speed  to  certain  values  of  the  shear  stress;  then  holding 
the  crosshead  fixed,  the  stress  and  the  gage  readings  were  allowed  to  relax. 

Several  steps  (of  about  10  psi  each)  of  increasing  stress  magnitude  were  used 
until  the  specimens  failed. 

Shear  specimen  No.  1,  with  the  "failure  stress"  circuit  failed  at  89 
psi  while  specimen  No.  2,  containing  the  "small  stress"  circuit,  failed  at 
60  psi.  The  failures  involved  propellant  unbonding  from  the  insulation  layer 
containing  the  gage.  Also,  shear  gage  No.  2  was  still  working  after  the 
failure  of  the  specimen  whereas  the  shear  gage  in  specimen  No.  1  was  not 
(open  circuit). 
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The  response  data  obtained  from  these  two  compression-shear  tests 
are  given  in  Figures  8  and  9.  The  gage  response  is  a  reasonably  linear 
function  of  applied  shear  stress  up  to  approximately  50  psi  but  becomes 
appreciably  more  nonlinear  at  higher  stress  levels.  The  specimens  were 
loaded  by  ramp-loading  steps  followed  by  relaxation  periods.  Although 
some  hysteresis  was  obtained  at  low  stress  levels  there  is  little  non¬ 
linearity  in  response.  At  the  larger  stress  levels  the  gage  response 
during  relaxation  did  not  follow  the  loading  curve  Slewing  distinct 
hysteresis  effects.  When  the  loading  was  continued  at  the  end  of  the 
relaxation  the  response  slope  was  almost  identical  to  the  earlier  loading 
slope  but  displaced  vertically.  The  overall  envelope  of  the  gage  output 
versus  shear  stress  therefore  appears  non-linear  whereas  it  would  probably 
have  been  much  closer  to  a  straight  line  under  a  continuous  loading  type 
of  test.  Note  that  specimen  No.  2  with  fewer  loading  and  unloading 
sequences  exhibits  a  more  linear  response  than  specimen  No.  I 

It  was  concluded  from  these  preliminary  tests  that  the  new  (modified) 
shear  gages  would  measure  the  propellant  shear  stresses  to  more  than  60 
psi  at  70°F.  This  was  believed  adequate  for  much  of  the  testing  planned 
for  the  third-stage  Minuteman  motor. 

A  further  conclusion  is  that  the  V-45  shear  gages  are  slightly  rate 
sensitive.  A  short  series  of  tests  showed  that  the  gage  response  varied 
between  8.125  mv/psi  at  a  strain  rate  of  20  in. /in. /min.  and  9.30  mv/psi 
at  0.02  in. /in. /min. 


MV  Output 
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Figure  9.  Failure  Test  of  Shear  Gage  No.  2  in  Combined  Shear  and 

Compression 
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SECTION  5 


STV  NO.  1  -  BONDING  AND  CASE  FAILURE  TESTS 
A.  TEST  OBJECTIVES 

A  primary  objective  was  the  investigation  of  special  techniques  to 
bond  normal  stress  and  shear  gages  directly  to  the  motor  case  or  to  the 
internal  rubber  insulation.  A  slightly  flexible  adhesive  was  used  because 
a  too-rigid  adhesive  would  cause  transducer-case  bond  failures  when  the 
flexible  case  expanded  upon  internal  pressurization. 

A  second  objective  was  a  study  of  the  effect  of  drilling  holes 
through  the  motor  case  wall  to  provide  exits  for  the  instrumentation 
leadwires.  Prior  experience  on  the  Polaris  A-3  program  (1)  had  demon¬ 
strated  the  practicality  of  this  concept  on  full-scale  motors.  Hole 
sizes  from  0.090  to  0.249  in.  were  employed  in  that  program  and  the 
largest  holes  reduced  case  strength  only  10%.  The  maximum  hole  size 
planned  for  the  Flexible  Case-Grain  Interaction  program  was  only  0.060  in. 
so  negligible  effects  on  case  strength  were  expected.  However,  the 
possibility  of  local  case  degradation  leading  to  fissuring  of  the 
insulation  and  gas  leaking  were  real  problem  areas  requiring  evaluation. 

The  possibility  of  firing  motors  containing  gages  led  to  the  third 
objective  which  was  the  development  of  procedures  for  thermally  protecting 
the  gages  and  the  holes  in  the  case  wall.  The  proposed  technique  was  to 
seat  the  gages  as  deeply  as  possible  into  the  V-45  rubber  insulation,  then 
cover  them  with  a  thick  layer  of  an  insulating  adhesive,  i.e.,  potting 
material.  The  practicality  of  this  concept  was  tested  on  STV  No.  1. 

Figure  10  shows  the  gage  "potting"  concept  and  Installation  in  the  motor 
case. 
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Figure  10.  Typical  Normal  Stress  Gage  Installation 


B.  CASE  MACHINING 

A  4-inch  long  section  in  the  middle  of  the  fiberglass  case  of  STV  No.  1 
was  machined  to  reduce  the  wall  thickness  to  0.10  in.  This  modification 
reduced  the  rigidity  of  the  case  so  that  it  would  fail  withahoop  strain 
greater  than  1.0%  at  a  pressure  of  1800  psig. 

This  chamber  modification  permitted  evaluations  of  the  failure  behaviors 
of  the  flexible  adhesive,  the  potting  material  around  the  gages,  and  the 
0.060  in.  holes  drilled  through  the  case  wall. 

C.  SELECTION  OF  THE  FLEXIBLE  ADHESIVE 

The  adhesive  was  selected  to  meet  the  requirements  of  the  overall 
Flexible  Case  Program  which  were: 

1.  Flexibility,  required  because  of  the  bonding  interface  between 
the  rigid  gages,  the  fiberglass  case,  and  the  rubbery  insulation.  Many 
elastomeric  adhesives  could  have  been  chosen  to  meet  this  requirement. 

2.  Bonding  to  the  V-45  insulation,  a  requirement  that  could  be 
met  by  many  epoxy  and  urethane  adhesives. 

3 .  Insulation  properties  approximate ly  equal  to  those  for  the  V-45 
rubber.  This  requirement  was  imposed  because  the  second  full-scale  motor 
was  to  be  fired  at  some  future  date. 

4.  Previous  Applications  in  Solid  Rocket  Motors 

IBT-115,  a  trowelable  insulation  material,  was  found  to  satisfy 
these  requirements.  This  material  was  specifically  developed  by  the  Aerojet 
Solid  Propulsion  Company  for  the  internal  insulation  of  large  solid  rocket 
motors  (2). 
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The  viscosity  of  the  IBT-115  trowelable  insulation  in  its 
uncured  state  allowed  it  to  be  poured  and  worked  in  a  manner  to  encap¬ 
sulate  the  transducers,  while  they  were  being  held  in  restricted  molds. 
The  Shore  A  hardness  of  the  cured  V-45  insulation  material  is  approxi¬ 
mately  68  to  70,  which  is  close  to  that  of  the  cured  trowelable  insula¬ 
tion  IBT-115;  namely,  66  to  70.  The  relaxation  moduli  of  the  two 
materials  are  significantly  different;  the  V-45  modulus  being  about 
six  (6)  times  the  IBT-115  at  10  minutes.  On  the  other  hand,  the  IBT-115 
has  relaxation  properties  close  to  those  for  the  ANB-3066  propellant. 

0.  MILLING  OF  THE  INTERNAL  RUBBER  INSULATION 

The  procedures  employed  in  STV  No.  1  were  designed  to  simulate  as 
closely  as  possible  the  operations  to  be  used  on  the  full-scale  motors 
1  and  2.  The  major  difference  was  that  the  small  inside  diameter  in 
the  STV  prevented  machining  of  the  insulation  inside  the  STV.  To 
simulate  the  embedment  procedures  that  were  to  be  used  on  the  full 
scale  motors,  a  section  of  an  old  Minuteman  III  case  was  used  to  develop 
the  machining  techniques  (Figure  11). 

The  basic  tool  for  this  drilling  was  a  modified  3/4  in.  diameter 
end  mill  with  a  pilot  guide  welded  to  its  center.  Figure  12.  The  tool 
is  driven  by  a  high  speed  air  drill.  The  pilot  guide  is  inserted  into 
a  0.060  in.  diameter  hole,  previously  drilled  through  the  case.  The 
guide  automatically  centers  the  cutting  edge  of  the  end  mill  making  a 
3/4  in.  diameter  recess  in  the  insulation  (this  accomnodates  the  seating 
of  the  normal  and  shear  stress  gages).  An  excluded  length  was  designed 
into  the  tool  to  provide  a  positive  "stop”.  This  stop  prevented  the 
end  mill  from  cutting  into  the  case  wall  (just  one  cut  of  this  kind 
could  make  the  case  unacceptable  for  pressurization  testing). 


Flqure  11.  Holes  Made  While  Developing  Drilling  Techniques 
(Hade  In  the  Insulation  of  a  section  of  a  Mlnuteman  III, 
Stage  III  motor  case) 


Figure  12.  Modified  3/4  In.  Uia  End  Mill 


E. 


INSULATION  LAY-UP  AND  DUMMY  GAGE  INSTALLATION 


Because  the  end  mill  could  not  be  used  inside  the  STV,  it  was 
necessary  to  form  the  recess  holes  during  insulation  lay-up.  This  was 
accomplished  using  1  in.  diameter  metal  plugs  bonded  to  the  case  at  six 
different  locations;  the  insulation  was  Installed  around  the  metal 
discs. 


The  internal  insulation  lay-up  followed  standard  preparation 
procedures  for  the  Minuteman  III,  Stage  III  motor,  except  for  the  prime 
coat.  The  interral  surface  of  the  case  was  coated  with  thin  layers  of 
Chemlok  203  primer  and  Chemlok  220  and  HF  1127  adhesives.  Then  a  10-in. 
long  by  0.25  in.  thick  layer  of  V-45  rubber  insulation  was  bonded  and 
cured  in  the  mid-section  of  the  case  around  the  six  metal  plugs. 

After  the  insulation  was  cured  the  metal  plugs  were  removed.  Holes 
of  0.055  in.  were  then  drilled  through  the  case  at  the  center  of  each 
recessed  hole.  The  dummy  potted  gages  were  3/4  in.  diameter,  1/4  inch 
high,  and  had  a  metal  stem  0.050  in.  in  diameter  (see  Figure  13).  The 
clearance  between  the  1.0  inch  diameter  recessed  holes  and  the  potted 
dummy  gages  was  large  enough  to  allow  air  bubbles  and  excess  adhesive 
to  be  squeezed  out.  Teflon  tapes  were  used  to  hold  the  dummy  gages  in 
place  during  cure,  which  required  4  hours  at  175°F. 

The  dummy  gages  were,  in  reality,  steel  thumb  tacks,  which  were 
dimensionally  close  to  the  normal  stress  gage.  The  stem  (0.050  in.  dia.) 
of  the  thumb  tack  is  an  excellent  substitute  for  the  tubing  (0.055  in. 
dia.)  that  surrounds  the  leadwires  of  both  the  normal  and  shear  stress 
gages. 

After  cure  of  the  adhesive,  the  tapes  were  removed  and  the  dummy 
gage  installations  inspected.  All  of  them  appeared  to  be  satisfactory. 


-37- 


F. 


PRESSURIZATION  TO  FAILURE 


Upon  final  cure  of  the  adhesive,  the  end  closures  and  retaining 
rings  were  installed  in  preparation  for  the  burst  test.  The  hydraulic 
pressurization  and  instrumentation  set-ups  are  shown  in  Figure  14.  A 
pressure  source,  consisting  of  a  high  pressure  water  pump,  valve,  pressure 
gage,  and  regulator,  was  employed.  In  addition,  a  strain  gage  indicator 
was  used  to  monitor  case  hoop  strains  during  the  test,  while  an  X-Y 
plotter  provided  a  recording  of  the  hojp  strain  versus  the  internal 
pressure. 

G.  TEST  RESULTS 

The  data  from  the  burst  test  are  shown  in  Figure  16.  Following  the 
burst  test,  STV  No.  1  was  sectioned  as  shown  in  Figure  15,  then  visually 
inspected  with  the  following  results: 

1.  Bonding  procedures  were  adequate,  with  no  case  leakage 
evident  up  to  the  1790  psig  failure  pressure.  Figure  16. 

2.  The  case  hoop  strain  exceeded  the  value  predicted  from  the 
hydroproof  pressure  tests  (1.27%  observed  ve'*sus  1%  predicted  at  1800 
psig).  This  softening  may  have  been  caused  by  the  slight  dainage  pro¬ 
duced  in  earlier  pressure  testing. 

3.  The  gage-to-case  and  gage-to-irsulation  bonds  successfully 
withstood  the  differential  struins  developed  on  pressurization  (1.27% 
hoop  strain,  Figure  16). 

4.  Holes  drilled  through  the  chaitiber  produced  no  significant 
reduction  in  case  strength.  There  was  no  case  delamination  around  any 
of  the  six  holes,  although  severe  delamination  did  occur  at  a  number  of 
sites  away  from  the  holes  but  within  the  thin  mid-section  of  the  case. 

5.  No  moisture  leakage  was  observed  at  any  of  the  holes, showing  that 
the  gage  potting  and  insulation  did  not  fissure  during  the  testing.  These 
results  clearly  demonstrated  the  adequacy  of  the  new  adhesive  and  gage 
installation  procedures.  Accordingly,  they  were  accepted  for  use  in  the 
full-scale  motors. 
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Figure  U.  Pressurization  and  Instrumentation  Setups  for  STV-1 
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Figure  15.  Sections  of  STV  Uo.  1  After  Failure  Testing 
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SECTION  6 


STV  NO.  2  -  EVALUATION  OF  GAGE  POTTING 
AND  CALIBRATION  METHODS 


A.  TEST  OBJECTIVES 

The  planning  at  the  beginning  of  the  overall  program  led  to  a 
concept  of  pre-potting  of  the  gages  into  an  inert  insulation  material. 

This  pre-potting  was  intended  to  provide  electrical  safeguards  for  the 
grain  (physically  isolate  the  propellant  from  possible  electrical 
shorts)  plus  simplifications  in  the  gage  calibration  and  temperature 
compensation  procedures.  The  calibration  procedure,  hopefully,  would 
be  simplified  by  external  (outside  of  the  motor)  calibrations  of  the 
gages  assuming  the  pre-potting  would  take  into  account  gage-grain 
interactions.  It  was  hoped  that  the  temperature  compensation  would 
be  inproved  since  most  of  the  gage-grain  interaction  would  be  included 
because  of  interactions  with  the  large  mass  of  potting  material. 

STV  No.  2  was  designed  to  evaluate  these  new  concepts.  Specifically 
STV  No.  2  was  intended  to  accomplish  the  following: 

1.  To  demonstrate  that  pre-potting,  external  calibration  and 
improved  thermal  compensation  of  the  normal  stress  gages  were  satis¬ 
factory  and  sound  techniques. 

2.  To  compare  the  pre-potting,  external  gage  calibration  and 
thermal  compensation  techniques  with  the  LPC  approach  of  installing 
the  gage  in  the  motor,  potting  it  in  propellant,  and  then  calibrating 
it  in-situ. 
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3.  To  demonstrate  the  validity  of  the  shear  gage  calibration 
in  a  simple  external  shear  fixture  by  means  of  differential  pressure 
tests  in  an  STV. 

4.  To  demonstrate  the  performance  of  the  normal  and  shear 
gages  under  thermal  and  pressurization  loading  environments. 

The  results  of  the  experimental  tests  on  STV  No,  2  in  relation 
to  these  objectives  are  discussed  below, 

B.  STRESS  TRANSDUCERS 

Both  normal  and  shear  stress  transducers  were  used  in  these 
evaluations.  The  normal  stress  transducer  is  a  conventional  diaphragm- 
type  pressure  gage  that  has  been  modified  to  minimize  the  propellant- 
gage  interaction.  It  was  originally  developed  for  solid  propellant 
testing  by  Leeming  and  Konigsberg  (References  3,  4  and  5).  Further 
details  on  the  design,  fabrication,  calibration,  and  thermal  compensation 
of  these  gages  are  given  in  Appendix  A.  Also,  the  calibration  data  for 
the  gages  used  in  STV  No.  2  and  the  voltage  measurements  taken  from  the 
motor  tests  are  given  in  Appendix  C. 

The  shear  gages  were  also  developed  by  Leeming  (3,  4  and  5). 

They  consist  of  two  semi-conductor  strain  gages  bonded  to  a  triangular 
shaped  piece  of  elastomeric  material  and  mounted  at  90®  to  each  other 
and  at  45°  to  the  plane  of  the  shear  that  is  being  measured.  Because 
of  large  grain-gage  interactions  these  transducers  are  considered  to 
be  less  accur.^te  than  the  normal  stress  gages.  Details  of  the  design, 
fabrication,  calibration  and  thermal  compensation  of  the  shear  gages 
are  given  in  Appendix  B,  while  the  experimental  test  data  are  provided 
in  Appendix  C. 
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C.  GAGE  PRE-POTTING  CONCEPT 

The  proposal  planning  efforts  for  this  program  led  to  the  new  con¬ 
cept  of  gage  pre-potting.  Previously  the  normal  stress  gages  were  mounted 
on  the  case  wall,  then  they  were  potted  In  a  cup  of  propellant  as  shown 
In  Figure  17.  After  propellant  cure,  the  gages  were  calibrated  through 
Internal  pressurization  of  the  motor  case.  Temperature  compensation  of 
the  gages  was  perfcrned  prior  to  delivery  by  the  vendor  (Konigsberg  Instru¬ 
ments,  Inc.). 

The  new  potting  concept  resulted  from  the  Intention  to  embed  the 
gages  within  the  Insulation  for  thermal  protection  during  motor  firing. 
Since  the  insulation  Is  Inert  It  was  possible  to  pre-pot  the  gages  before 
calibration  and  temperature  compensation  by  the  vendor. 

The  entire  gage  affects  the  local  grain  stresses  while  the  grain 
modifies  the  performance  of  the  gage  diaphragm.  This  latter  effect  is 
considered  to  be  of  the  greatest  Importance.  The  "zone  of  Influence" 
for  this  Interaction  Is  shown  schematically  in  Figure  18  (see  References 
3,  4  and  5).  The  size  of  this  zone  is  directly  related  to  the  dimensions 
of  the  gage  diaphragm.  As  shown  In  Appendix  A,  the  gage  diaphragm  is 
only  0.10  in.  In  diameter.  Since  a  major  portion  of  the  zone  of  influence 
occurs  within  two  radii  of  the  edge  of  the  diaphragm  we  have  a  region  with 
a  total  diameter  of  about  0.30  in.  Thus,  much  of  the  zone  of  influence 
for  the  diaphragm  falls  within  the  diameter  of  the  base  of  the  gage, 

0.310  in.  diameter. 

The  finally  selected  prepotting  design  considerably  exceeds  the 
gage  base  with  an  overall  diameter  of  0.75  in.  and  a  height  of  0.375  in. 
This  enlarged  prepotting  region  also  takes  into  account  the  discontinuity 
effects  arising  at  the  edge  of  the  metal  disc.  These  produce  their  own 
zone  of  influence  effects  which,  for  this  gage  design,  are  considered 
almost  negligible. 
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Figure  18.  Zone  of  Influence  of  Gage  at  Propellant/Case  Interface 


D.  DESCRIPTION  OF  GAGE  INSTALLATIONS 

The  configuration  of  STV  No.  2  is  shown  schematically  in  Figure  19. 
The  internal  surface  of  the  case  was  lined  with  a  thin  layer  of  V-45  rubber 
to  prevent  water  seepage  during  hydrotest.  Then  a  10-in.  long  by  0.25  in. 
thick  layer  of  V-45  insulation  was  bonded  to  the  mid-section  of  the  case 
and  vulcanized  in  place.  At  locations  where  the  gages  were  to  be  embedded 
in  the  insulation,  metal  plugs  (1-in.  diameter  cylinders  and  0.5  in.  by 
1-inch  long  rectangles)  were  placed  during  installation  layup  and  then 
removed  following  insulation  cure.  Holes  having  a  diameter  of  0.060  in. 
were  drilled  through  the  case  wall  into  these  thinly-insulated  areas  to 
permit  exit  of  the  gage  lead  wires  from  the  interior  of  the  case. 

Four  150  psi  normal  stress  gages  were  bonded  into  the  insulation 
next  to  the  case.  Two  of  these  gages  were  procured  from  the  manufacturer 
(Konigsberg  Instruments,  Inc.),  encapsulated  in  a  trowelable  insulation 
and  temperature  compensated  prior  to  delivery  to  ASPC,  and  then  bonded 
into  the  motor.  The  second  pair  of  gages  (both  unencapsulated)  were 
bonded  into  the  case  insulation  and  then  covered  with  a  cup  of  ANB-3066 
propellant  about  1-in.  high  and  1.0  to  1.5  in.  diameter  and  cured  12  days 
at  110°F.  Two  shear  gages  were  also  installed  in  the  locations  shown  in 
Figure  19.  The  completed  gage  installations  are  shown  photographically 
in  Figure  20. 

Lead  wires  from  the  gages  were  connected  to  terminal  strips  mounted 
on  the  case  exterior,  Figure  21.  Bridge  completion  circuits  were  mounted 
on  a  control  panel,  which  was  connected  to  the  STV  when  required  for  motor 
testing.  A  digital  voltmeter  was  used  to  monitor  the  gage  output  while  a 
28  volt  power  supply  was  used  to  power  the  bridge  circuit. 
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The  series  of  tests  performed  on  this  STV  required  casting  a  non- 
perforated  propellant  grain.  Following  calibration  and  compensation  of 
the  propellant-encased  150  psi  gages,  the  Interior  of  the  STV  was  cleaned, 
lined  and  prepared  for  propellant  casting.  When  STV  No.  2  was  originally 
cast  the  grain  was  found  to  be  approximately  10  In.  lono  Instead  of  the 
specified  length  of  6  In.  After  preliminary  hydrostatic  and  differential 
pressure  tests  It  was  found  that  unbonds  existed  towards  the  ends  of  the 
grain.  Because  the  grain  had  been  cast  overlength  It  was  possible  to 
machine  It  to  Its  correct  size  and  eliminate  the  unbonds.  The  hydrostatic 
and  differential  step  pressure  tests  wero  then  performed  as  described  below. 

E.  TEST  PROCEDURES 

The  first  measurements  on  STV  No.  2  were  pressure  calibrations  of 
the  propellant-potted  gages  at  30°,  80°  and  130°F.  These  were  |  Tformed 
prior  to  grain  casting  and  repeated  again  after  the  grain  was  cast  and 
cured.  The  test  results  and  assessments  are  provided  In  Appendix  C. 

The  second  test  series  was  designed  to  obtain  comparative  grain 
thermal  stress  data  from  gages  installed  using  the  two  methods  of  gage 
potting.  These  measurements  were  made  at  30°,  70°  and  110°F.  These  data 
are  discussed  below. 

The  third  set  of  measurements  Involved  differential  pressure 
tests  conducted  at  77°F.  These  tests  were  designed  to  provide  accurate 
calibrations  of  the  shear  cubes.  The  test  results  are  presented  below. 

F.  COMPARISONS  OF  NORMAL  STRESS  MEASUREMENTS  DURING  GRAIN  THERMAL 

TESTING 

After  the  grain  was  cast,  cured,  and  machined  to  6-1n.  long,  the 
STV  was  conditijned  to  three  test  temperatures  (110°,  70°  and  30°F)  and 
the  gage  data  were  analyzed  to  determine  the  thermal  stresses  at  the 


mid-plane  of  the  grain.  Gage  N2-2  did  not  provide  data  because  of  a 
wiring  failure  during  the  test,  while  gages  N2-1,  N3-1  and  N3-2  evinced 
non-linear  behaviors  during  the  pressure  calibration  tests  (Appendix  C). 
These  effects  are  attributed  to  the  presence  of  casting  bubbles  at  the 
gages. 


The  measured  gage  output  voltages  and  the  corresponding  values 
of  the  gage  stresses  based  on  the  In-sltu  calibrations  of  the  gages 
before  grain  casting  are  presented  In  Table  1.*  Comparison  of  data 
from  gages  pre-potted  In  IBT-115  and  those  potted  In-sltu  In  ANB-3066 
propellant  shows  good  agreement,  except  at  110®F.  Here  the  propellant- 
potted  gages  ranged  from  +0.17  to  +1.12  psi  while  the  IBT-115  pre-potted 
gages  ranged  from  -0.41  to  -1.16  psi.  This  difference  can  be  explained 
only  by  assuming  zero-stress  calibration  errors  for  this  test  temperature. 

The  fair  correlations  (except  at  110®F)  between  the  two  methods 
of  gage  potting  are  better  Illustrated  by  the  mean  and  range  data  given 
below: 


30®F 

70®  F 

110®F 

Propellant 

HI 

Propellant 

~1bT 

Propellant 

ibT 

Mean,  psi 

15.6 

15.5 

4.77 

4.52 

0.65 

-0.81 

Range,  psi 

3.1 

1.6 

1.17 

0.65 

0.95 

0.75 

Although  the  conclusions  are  consistent  with  the  data.  It  1s  believed 
that  the  limited  test  data,  plus  aging  or  other  changes  In  the  gages  and 
associated  electrical  circuits  leave  a  number  of  uncertainties.  Hence, 

It  is  possible  that  future  evaluations  might  reverse  the  conclusions 
made  here. 


*  The  data  were  reduced  using  the  equation  a  =  (V-a)/b 

where  o  is  the  normal  stress,  psi 

V  Is  the  measured  output  voltage,  mv 
a  is  the  zero  stress  output  (mv)  at  the  test  temperature 
b  is  the  gage  sensitivity  (mv/psi)  at  the  test  temperature 
The  values  of  a  and  b  were  obtained  by  Interpolation  from  the  data  listed 
In  Table  C-1  of  Appendix  C. 
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TABLt  1 


NORMAL  STRESS  MEASUREMENTS  IN  STV  NO.  2 
AT  THREE  TEMPERATURES 


Gage 

Potting 

and 

Gaqe  MV  Output 

Gaqe  Stress. 

psi 

No. 

Pre-Pottinq 

30°  F 

70°F 

no®F 

70°  F 

110°! 

Nl-1 

Propellant 

-10.33 

-3.54 

-0.07 

15.6 

4.76 

0.17 

Nl-2 

-10.62 

-4.38 

-0.17 

17.2 

4.72 

0.66 

N2-1* 

Propellant 

-  9.48 

-3.35 

-0.43 

14.1 

4.21 

1.12 

N2-2** 

-4.20 

- 

5.38 

- 

N3-1* 

IBT-115 

-11.71 

-3.71 

-0.99 

15.0 

4.07 

-0.67 

N3-2* 

-11.67 

-4.87 

-1.09 

14.8 

4.70 

-1.16 

N4-1 

IBT-115 

-11.62 

-3.27 

-0.40 

16.4 

4.59 

-0.41 

N4-2 

-13.11 

-3.96 

+  .77 

15.9 

4.72 

-1.00 

*  Gages  questioned  because  of  unusual  performances  during  calibration 
and  STV  testing. 

**  Gage  malfunctioned  electrirally . 
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G.  CALIBRATION  BEHAVIOR  OF  THE  RUGGEDIZED  SHEAR  GAGES 

The  differential  pressure  tests  were  designed  for  calibration  of 
the  shear  cubes,  and  were  performed  at  a  temperature  of  ZZ^F.  The  STV 
was  fitted  so  that  nitrogen  pressure  could  be  applied  to  either  or  both 
ends  of  the  grain  to  create  a  differential  (shear)  load  across  the  grain 
(Figure  22).  The  initial  efforts  involved  a  10  psig  pressure  step 
applied  to  one  end  of  the  grain  while  the  responses  of  the  gages  were 
monitored  for  two  minutes.  Then  the  pressure  was  released  and  the  gage 
response  again  monitored  for  another  two  minutes  (originally  a  10  minute 
dwell  time  was  used,  but  it  was  found  that  little  change  occurred  after 
two  minutes  and  therefore  the  shorter  time  was  used  for  all  of  the  testing). 
The  same  procedure  was  followed  with  a  10  psi  pressure  applied  to  the 
opposite  end  of  the  grain.  This  test  sequence  was  repeated  using  20  and 
30  psi  pressure  steps  applied  to  alternate  ends  of  the  grain.  Table  2 
describes  the  testing  sequence. 

To  avoid  the  possibility  of  premature  shear  failure  of  the  grain, 
the  maximum  differential  pressure  was  limited  to  30  psi  giving  a  mean 
shear  stress  of  Z.5  psi. 

The  gage  output  data  from  the  ZZ^F  tests  are  presented  against 
the  differential  pressure  in  Figures  23  and  24.  The  linearity  of  the 
gage  response  is  evident  in  the  data,  and  there  is  no  detectable  change 
in  slope  through  the  origin  with  gage  SH-2.  A  slight  change  in  slope 
is  evident  with  gage  SH-1,  although  it  is  not  significant  and  a  mean 
value  may  be  used. 

The  calculated  gage  sensitivities  for  SH-1  and  SH-2  at  5.43  mv/psi 
shear  and  6.88  mv/psi  shear  respectively  are  higher  than  those  measured 
in  the  shear  specimen,  i.e.,  4.Z4  mv/psi  and  6.09  mv/psi,  respectively. 

These  differences  in  gage  sensitivity  (14.5  and  13.0*,  respectively) 
are  not  large;  and  it  is  believed  that  they  result  from  a  systematic 
error  of  some  kind. 
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Figure  22.  Schematic  Arrangement  of  Pressurization 

Shear  Test  Device 


TABLE  2 


TESTING  SEQUENCE  FOR  DIFFERENTIAL  PRESSURE  TESTS 
(Two  Minutes  Dwell  Time  at  Each  Step) 


Step  No. 
1 
2 

3 

4 

5 

6 

7 

8 
9 

10 


Side  A 
0 
10 
0 
0 
0 

20 

0 

0 

0 

30 


Side  B 
0 
0 
0 
10 
0 
0 
0 

20 

0 

0 


11  0  30 

12  0  0 
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Gage  Output,  mv 


Side  B  Pressure,  psig  Side  A 


Figure  23.  STV  No.  2  Gage  SH-1  Response  to  Differential  Pressure 

Across  the  Propellant  Grain 


Calculated  Slope  -  6.88  MV/PSI 
[Calibration  Factor  -  6.25  MV/PSI] 


Side  B  Pressure  Psig  Side  A 


Figure  24.  STV  No.  2.  Gage  SH-2  Response  to  Differential  Pressure 
Across  the  Propellant  Grain 


A  larger  than  expected  pressure  attenuation  by  the  grain  would 
produce  such  an  effect.  As  stated  previously  this  attenuation  Is 
believed  to  be  real,  and  to  arise  from  the  presence  of  entrapped  gases 
in  the  grain.  These  may  occur  either  as  casting  voids  or  as  microvoids. 

H.  THERMAL  DATA  FROM  NEW  SHEAR  GAGES 

The  calculated  thermal  shear  stresses  derived  from  Gages  SH-1 
and  SH-2  are  shown  in  Figure  25.  The  data  appear  consistent  with  the 
normal  stress  data  presented  in  Table  3.  The  output  of  gages  SH-1 
and  SH-2  obtained  during  the  thermal  conditioning  tests  performed  on 
STV  No.  2  are  given  in  Appendix  C  along  with  their  gage  sensitivities. 

I.  CONaUSIONS 

On  the  basis  of  the  STV  No.  2  normal  stress  gage  test  data  It 
was  concluded  that  It  was  reasonable  to  go  ahead  with  the  use  of  pre¬ 
potted  normal  stress  gages  in  the  full-scale  motors. 

The  results  of  the  hydrostatic  pressure  and  thermal  step  tests  on 
STV  No.  2  may  be  summarized  as  follows: 

1.  External  potting  of  the  normal  stress  gages  appears  to  be 
satisfactory  for  preliminary  calibration  and  compensation  purposes. 
However,  a  final  calibration  and  compensation  must  be  made  In-situ. 

2.  To  minimize  material  property  differences,  it  is  recommended 
that  the  potting  or  pre-potting  be  done  with  the  live  propellant  or  an 
inert  version  of  it. 

3.  Thermal  zero  load  gage  readings  must  be  obtained  with  the 
potted  gage  bonded  in  place  in  the  motor. 
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TABLE  3 


SHEAR  STRESS  MEASUREMENTS  IN  STV  NO.  2 
AT  THREE  TEMPERATURES 


Gage 

Gage  MV  Output 

Gage  Stress. 

psi 

No. 

70°  F 

110°F 

30°F 

70°  F 

110°F 

SH-1 

17.48 

4.13 

-4.15 

4.10 

1.46 

-0.01 

SH-2 

19.25 

6.45 

-3.69 

2.49 

0.80 

-0.27 

4.  Over  the  limited  temperature  ranqe  of  30®  to  110°F  the 
IBT-115  pre-potted  gages  and  the  propellant  potted  gages  gave  essentially 
the  same  data,  within  expected  errors. 

5.  Both  the  potting  and  the  pre-potting  are  sensitive  to 
improper  potting,  e.g.,  voids  near  the  gages  or  unbonds  at  the  gage 
location. 

Calibration  differences  of  up  to  15%  were  observed  between 
STV-2  and  laboratory  specimen  testing  of  the  shear  gages.  However, 
this  was  attributed  to  pressure  attenuation  by  the  grain,  which  could 
be  accounted  for  in  subsequent  testing,  and  therefore  the  gages  were 
judged  acceptable  for  use. 
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SECTION  7 


STV  NO.  3  -  FAILURE  DETECTION  USING 
SHEAR  AND  FAILURE  GAGES 


A.  INTRODUCTION 

STV  No.  3  was  designed  and  tested  to  demonstrate  that  the  new  high 
range  shear  gages  could  withstand  greater  stress  levels  than  the  low-range 
gages  used  in  earlier  work.  The  new  shear  gages  are  required  to  measure 
the  large  shears  that  occur  on  full-scale  motor  firing,  particularly  at 
points  where  bond  failures  are  likely  to  occur.  Evaluation  and  calibration 
of  these  gages  under  pressure  loads  representative  of  those  in  the  Minute- 
man  III,  Stage  III  motor  was  essential  to  achieve  the  overall  goals  of  the 
full-scale  motor  program. 

Failure  event  gages  developed  at  ASPC  were  also  investigated  under 
representative  motor  conditions  and  tested  to  establish  their  suitability 
for  use  in  the  full-scale  motors.  These  gages,  which  exhibit  a  rise  in 
electrical  resistance  just  prior  to  grain  failure,  were  intended  for  place¬ 
ment  across  planes  where  cracking  or  failure  are  considered  probable.  Again, 
completion  of  this  effort  was  a  prerequisite  for  initiation  of  work  on  the 
full-scale  motors  and  attainment  of  program  objectives.  Two  shear  gages 
and  eight  failure  gages  were  installed  in  STV-3,  as  shown  in  Figure  26. 

A  solid  propellant,  end  burner  type  of  grain  was  cast  and  cured,  the  gages 
calibrated,  and  an  investigation  of  gage  performance  under  realistic 
pressure  and  shear  loads  was  carried  out  until  failure  of  the  propellant/ 
liner  bond. 

B.  TEST  OBJECTIVES 

The  major  objectives  of  this  task  were  (a)  confirmation  of  the 
performance  of  high  range  shear  cubes  under  the  high  shear  and  normal 

PracedinK  page  blank 
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stresses  expected  to  occur  In  the  full-scale  Minuteman  III,  Stage  III 
motor  under  rapid  pressurization  conditions,  and  (b)  a  demonstration 
of  the  performance  of  ASPC  failure  gages  under  representative  full- 
scale  motor  conditions. 

C.  DESCRIPTION  OF  TEST  ITEMS  AND  APPARATUS 

STV-3  was  fabricated  with  an  8-inch  long  layer  of  0.25  inch 
thick  V-45  insulation  vulcanized  in  place  of  the  mid-section  of  the 
case.  Once  again,  dummy  gage  inserts  of  Teflon,  or  Teflon-coated 
metal  were  located  in  the  insulation  layer  during  lay-up  and  left 
in  place  during  vulcanization.  After  cure  the  dummy  gage  inserts 
were  removed  and  the  real  gages  installed.  Small  (0. 060-Inch  diameter) 
holes  were  drilled  through  the  case  wall  for  the  gage  lead  wires  and 
the  gage  installed.  Two  shear  gages,  SH-5  and  SH-6,  were  located  at 
the  axial  midpoint  and  eight  failure  gages  were  mounted  1-in.  from 
the  ends  of  the  grain  and  spaced  at  90°  intervals  around  the  periphery. 

Two  types  of  failure  gage  were  evaluated  in  STV  No.  3: 

Type  A  -  A  failure  event  gage  made  with  ANB-3066 
binder  filled  with  silver  flakes,  and 

Type  B  -  A  failure  event  gage  made  with  a  comnerci al ly 
produced  conductive  rubber. 

The  gages  were  bonded  in  place  in  the  insulation  layer  using  the 
IBT-115  adhesive  selected  from  STV-1  studies.  Following  gage  installation, 
the  interior  of  the  STV  was  coated  with  liner  material  and  a  6-inch  long 
ANB-3066  grain  cast  and  cured.  During  the  test  set-up,  the  eight  failure 
gages  installed  were  checked  to  verify  their  continuity  and  resistance 
after  casting  the  grain.  The  four  failure  gages  using  ANB-3066  binder 
filled  with  silver  flakes  and  two  of  the  four  failure  gages  using  commercial 
conductive  elastomers  failed  during  the  cast  and  cure  operation. 


-67- 


D. 


LABORATORY  EVALUATION  OF  FAILURE  EVENT  GAGES 


The  principal  requirements  of  the  failure  event  gages  were: 

1.  A  tensile  modulus  of  elasticity  of  approximately  450  psi. 

2.  Good  bonding  capability  to  ANB-3066  propellant. 

3.  Rapid  break  characteristics  after  a  propellant  crack  or 
unbond  propagates  into  gage  locality. 

4.  Little  disturbance  to  bond  line  integrity. 

Prior  to  installation  in  STV  No.  3  the  two  types  of  failure  event 
gages  were  tested  in  the  laboratory. 

The  objective  was  to  determine  the  gage's  elongation,  loading  and 
ruggedness  characteristics.  The  ASPC  design  failure  event  gage  was  made 
of  binder  filled  with  conductive  silver  and  is  shown  in  Figure  27.  The 
gage,  which  is  1/4"  x  1",  was  cut  from  ore-molded  .030-inch  thick  sheet 
and  wire  terminations  were  bonded  to  the  gage  with  a  similar  material. 

The  failure  gage  strips  were  then  bent  into  a  configuration  resembling 
an  inverted  "Tee"  or  trouser  leg,  such  that  when  placed  perpendicular  to 
the  direction  of  separation  growth,  the  leg  portion  of  the  inverted  tee 
(embedded  in  the  propellant)  would  shear  off. 

The  second  type  of  failure  event  gage  tested  was  the  Technit  Products 
model  made  with  a  conmercial  conductive  elastomer  (Consil  G).  Its  configure 
tion  is  shown  in  Figure  28. 


The  failure  event  gages  were  bonded  to  the  bottom  plate  of  a 
compression  shear  fixture  with  IBT-llB  trowelable  insulation,  then 
lined  with  liner  material  and  ANB-3066  propellant  was  cast  around  them. 
The  test  set-up  used  is  shown  in  Figure  29.  Test  results  indicated  that 
the  ASPC  gages  performed  more  consistently  than  the  Technit  gages. 
However,  when  the  Technit  gage  was  encapsulated  properly  it  performed 
as  well  as  the  ASPC  gage.  Both  types  of  gages  failed  in  the  15  to  25% 
elongation  range. 

E.  STV  NO.  3  TEST  PROCEDURES  AND  CONDITIONS 

Following  propellant  cure,  the  motor  was  disassembled  from  the 
casting  equipment  and  chamber  closures  attached.  Shear  gages  were 
connected  to  their  bridge  completion  panel  circuits  and  the  failure 
gages  monitored  for  continuity. 

After  conditioning  to  BO^F,  the  STV  was  connected  by  high  pressure 
hoses  to  a  high  pressure  nitrogen  source.  Valves  in  the  pressure  test 
set-up  permitted  establishment  of  a  pressure  differential  across  the 
grain. 


STV  No.  3  was  then  subjected  to  the  differential  step  pressure 
test.  Initially  the  pressure  on  one  face  of  the  grain  was  maintained 
at  zero  psi  while  the  pressure  applied  to  the  other  face  was  rapidly 
increased  to  10  psi  and  held  constant  for  10  minutes.  The  pressure  was 
then  rapidly  returned  to  0  psi  and  again  held  for  10  minutes.  A  10  psi 
pressure  step  was  applied  to  the  second  face  of  the  STV  and  held  for 
10  minutes  before  being  returned  to  0  psi.  The  shear  gages  were  monitored 
continuously  during  this  testing. 

This  alternating  pressure  step  -  zero  pressure  cycle  was  repeated 
for  pressures  of  50  and  100  psi,  150  and  200  psi,  at  which  pressure  the 
propellant-liner-insulation  bond  failed. 
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F.  ';S^  Y-ULTS 

■'I’o  experimental  data  obtained  from  the  two  shear  gages  during 
the  test  are  shown  in  Figure  30  where  it  will  be  noted  that  the  gages 
performed  satisfactorily  up  to  the  point  of  failure  at  approximately 
32  psi .  Gage  No.  SH-5  began  to  give  erratic  readings  when  a  pressure 
of  150  psi  was  applied  to  face  B.  This  is  equivalent  to  a  shear  stress 
of  20  psi.  Shear  Gage  SH-6  continued  to  give  readings  up  to  a  pressure 
of  200  psi  applied  to  face  3  At  this  point  the  bond  between  the  case 
insulation  and  the  grai  i  and  shear  gage  SH-6,  after  indicating 

a  large  reading,  went  to  reading  a  small  value  approximating  its 
zero  reading. 

Only  two  failure  event  gages  (Type  B)  were  monitored  during  these 
tests.  No  significant  changes  in  the  readings  of  these  devices  were 
measured  during  the  tests. 

STV  No.  3  failed  at  a  shear  stress  of  .35!  psi  before  the  planned 
pressurization  to  failure  test.  This  "premature"  failure  was  produced 
by  cumulative  damage  at  the  interfacial  bond  which  was  not  taken  into 
account  in  selecting  the  loading  schedule. 

Because  the  complete  series  of  differential  pressure  tests  was 
not  completed  and  in  view  of  the  poor  performance  of  the  failure  event 
gages,  it  was  decided  to  repeat  the  failure  tests  in  a  new  STV.  Details 
of  the  new  STV  (STV  No.  5)  and  associated  testing  are  given  in  Section  9. 
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age  Output,  mv 


Figure  30.  STV  flo.  3  Failure  Test  Results  from  Shear  Gages 


SECTION  8 


STV  NO.  4  -  INVESTIGATION  OF  STRESS-FREE 
TEMPERATURE  CHANGES 


A.  INTRODUCTION 

For  the  purposes  of  stres.:  analyses  composite  propellants  are 
always  treated  as  elastic  materials.  The  elasticity  assumption,  linear 
or  non  linear,  .f.  or  without  time  effects,  implies  that  the  material 
has  a  permanent  recollection  of  some  reference  configuration  to  which  it 
will  return  whenever  it  is  stress-free.  For  propellants  cured  at 
atmospheric  pressure  with  little  or  no  cure  shrinkage,  this  stress-free 
configuration  is  essentially  the  cured  shape.  However,  there  is  con¬ 
siderable  experimental  evidence  demonstrating  that  propellant  behavior 
is  not  elastic,  but  may  in  fact  be  closer  to  a  plastic  type  behavior. 
Experimental  results  from  a  recently  completed  program  (6)  have  shown 
that  very  large  shifts  in  the  stress-free  temperature  can  be  achieved 
in  grains  stored  at  temperatures  other  than  that  where  it  is  cured. 

These  changes  may  be  attributed  to  the  following: 

1.  Chemical  re-arrangements  in  the  polymeric  binder  of  the 
propellant  due  to  chain  scission  and  chain  formation  after  cure. 

2.  Plastic  flow  in  the  propellant. 

3.  Volume  change  due  to  loss  of  volatiles  on  storage. 

ANB-3066  has  been  shown  to  exhibit  significant  permanent  set  even 
during  storage  at  ambient  temperature.  Data  obtained  to  date  indicate 
that  the  stress-free  temperature  of  the  Minuteman  System  after  long¬ 
term  storage  at  ambient  conditions  will  approach  ambient  temperature 
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within  one  year.  Thus,  stress  analyses  based  on  the  stress-free 
temperature  being  identical  with  the  cure  temperature  would  be 
greatly  in  error.  This  downward  shifting  of  the  stress-free  tempera¬ 
ture  during  ambient  temperature  storage  is  beneficial  for  the  motor 
as  long  as  it  remains  at  ambient  conditions.  However,  if  for  some 
reason  the  motor  is  subsequently  returned  to  storage  at  temperatures 
above  the  cure  temperature  where  the  allowables  are  low  and  the  grain 
thought  to  be  under  low  stresses,  then  failure  could  possibly  result. 

For  these  reasons,  it  is  important  to  establish  the  stress-free  tempera¬ 
ture  shifts  that  can  occur  on  storage. 

B.  TEST  OBJECTIVES 

The  objectives  of  the  STV  No.  4  test  series  were  defined  as 
fol lows: 

1.  To  provide  a  direct  determination  of  a  change  in  the 
stress-free  temperature  of  a  grain  during  long-term  storage  at  77®F. 

2.  To  evaluate  a  change  in  the  stress-free  temperature 
resulting  from  plastic  deformation  of  the  propellant. 

3.  To  monitor  the  effects  of  loss  of  volatile  materials 
from  the  propellant  on  the  stress- free  temperature. 

C.  DESCRIPTION  OF  STV  NO.  4 

The  configuration  of  STV  No.  4  is  shown  schematically  in 
Figure  31.  Two  "150  psi"  normal  stress  gages  pre-potted  in  IBT-115, 
were  embedded  in  the  insulation  at  the  mid-length  of  the  grain,  while 
two  of  the  new  ruggedized  shear  gages  were  embedded  at  a  distance  of 
2  inches  either  side  of  the  grain  center.  The  calibration  data  for 
the  gages  used  in  STV  No.  4  are  given  in  Appendix  E.  (As  discussed 
later,  one  of  the  normal  stress  gages  had  been  erroneously  identified). 
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Fiberglass 


After  installation  of  the  normal  and  shear  gages  using  IBT-115 
as  an  adhesive  the  interior  of  the  STV  case  was  coated  with  liner  and 
the  10"  long  ANB-3066  propellant  grain  was  cast.  The  STV  was  then 
placed  in  a  110°F  conditioning  chamber  for  propellant  cure.  The  bridge 
completion  networks  for  the  gages  were  connected  to  the  STV  when  it  was 
placed  in  the  110°F  conditioning  chamber.  The  gage  readings  were  moni¬ 
tored  during  cure  and  during  the  subsequent  cooldown  of  the  STV  to  77°F. 

At  this  time  a  linear  potentiometer  was  mounted  to  End  B  of  the 
STV  to  provide  measures  of  the  deflection  of  the  end  of  the  grain. 

D.  TEST  PROCEmiRES 

Upon  completion  of  cure  and  cooldown,  and  installation  of  the 
linear  potentiometer,  testing  proceeded  as  shown  below: 

1.  The  motor  was  placed  in  the  77"F  conditioning  box  for  a 
period  of  12  months.  The  gages  were  monitored  periodically  during 
this  time. 

2.  At  the  end  of  the  aging  period  a  differential  pressure 
of  67.5  psi  was  applied  to  end  B  of  the  grain  and  maintained  for  one 
week.  The  pressure  was  then  released  and  the  gage  reading  monitored 
for  a  period  of  three  months  to  observe  the  recovery  of  the  grain. 

3.  After  the  three  months  recovery  from  the  differential 
pressure  test,  flowing  nitrogen  gas  was  passed  over  both  ends  of  the 
grain  for  a  period  of  one  month  and  the  gage  readings  were  monitored. 
This  test  was  designed  to  determine  the  effects  of  removing  any  volatile 
materials  from  the  propellant  grain. 
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E.  EXPERIMENTAL  RESULTS 

Only  the  normal  stress  data  from  gage  N-5  are  presented  in  this 
report.  At  an  early  stage  in  the  testing  it  was  found  that  N-6  was  in 
fact  a  450  psi  gage  with  the  same  serial  number  as  the  150  psi  gage 
which  should  have  been  used  in  this  STV.  As  a  result  the  precise 
sensitivity  of  this  gage  and  its  zero  stress  readings  as  a  function 
of  temperature  were  not  known.  The  gage  calibrations  and  tabulated 
data  for  the  tests  conducted  on  STV  No.  4  are  given  in  Appendix  E. 

1.  Storage  Test 

The  data  measured  during  the  52  week  aging  of  the  STV  at 
77°F  are  presented  in  Figures  32  and  33.  The  data  of  Figure  32  show 
a  gradual  loss  in  normal  stress  from  a  value  of  approximately  5  psi, 
at  the  beginning  of  the  aging  period,  to  apparent  negative  (compressive) 
values  after  33  to  46  weeks.  The  initial  stress  level  of  5  psi  is  in 
reasonable  agreement  with  a  theoretical  value  of  4.5  psi  (assuming  a 
propellant  modulus  of  180  psi  after  10^  min.  at  77°F). 

The  fall  away  of  the  gage  stress  is  consistent  with  the 
concept  of  a  changing  stress-free  temperature  of  the  grain.  This 
behavior  contradicts  those  predictions  which  assume  the  bond  stress 
to  be  proportional  to  the  relaxation  modulus  of  the  propellant  as  it 
ages.  In  this  propellant  the  relaxation  modulus  increases  as  the 
propellant  ages.  In  fact,  during  the  first  year  this  hardening  more 
than  offsets  the  modulus  decay  during  relaxation.  Thus,  after  one 
year  of  propellant  age-hardening  and  stress  relaxation  at  77°F  the 
relaxation  modulus  should  be  a  little  larger  than  its  unaged  value  at 
10^  min. 
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Figure  32.  STV  No.  4  -  Normal  Stress  Gage  Behavior  on  Storage  at  77 


Top  Gage 


Figure  33.  STV  No.  4  -  Shear  Stress  Gage  Behavior  In  Storage  for  One  Year  at  77®F 


Unfortunately,  the  decay  in  the  gage  stresses  may  also  be 
attributed  to  changes  in  the  gage  calibrations.  From  later  observations, 
we  know  that  both  the  "zero"  and  gage  sensitivity  parameters  changed 
with  time.  But,  the  zero  stress  output  seemed  to  change  the  most.  In 
this  case,  there  may  have  been  a  gradual  change  in  the  zero  over  the 
one  year  storage  period.  The  decay  of  the  gages  into  "apparent"  com¬ 
pressive  stress  readings  certainly  is  consistent  with  changes  in  the 
gage  zeroes. 

The  overall  impression  of  the  test  data  is  that  there  were 
changes  in  both  the  stress-free  temperature  and  the  gage  zero  stress 
calibrations.  Unfortunately,  there  is  no  way  to  separate  the  relative 
contributions  of  the  two  effects  using  the  data  collected  here. 

The  shear  gage  data  from  SH-3  and  SH-4  do  not  tell  such  a 
dramatic  story  (Figure  33).  Gage  SH-3  which  was  towards  the  upper  end 
of  the  grain  during  the  storage  period  shows  virtually  no  change  in 
reading  with  storage  time.  Gage  SH-4  towards  the  bottom  of  the  grain 
during  storage  shows  some  loss  in  shear  stress  from  about  2  psi  at  the 
beginning  of  the  storage  period  to  approximately  1  psi  after  50  weeks 
of  storage.  Both  shear  gages  gave  initial  stress  measurements  that 
were  higher  than  the  theoretical  ones  by  about  1  psi ;  3  psi  for  gage 
SH-3  and  2  psi  for  gage  SH-4. 

2.  Differential  Pressure  Test 

The  results  of  the  differential  pressure  test  on  STV  No.  4 
are  presented  in  Figures  34  through  36.  Figure  34  shows  the  data  from 
the  normal  stress  gage  N-5  during  the  application  of  the  67.5  psi  step 
pressure  (on  end  B)  and  after  the  step  pressure  had  been  removed.  It 
will  be  noted  that  the  normal  stress  at  the  gage  location  is  approximately 
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35  psi  (analysis  gives  a  value  of  30  psi)  and  that  the  gage  returns 
from  an  initial  rvading  of  -1  psi  at  the  beginning  of  the  test  to 
a  value  of  +1  psi  after  the  removal  of  the  step  pressure. 

Figure  35  shows  the  response  of  shear  gages  SH-3  and 
SH-4.  Gage  SH-3, which  is  farthest  removed  from  the  pressurized 
end  (End  B)  of  the  grain, shows  an  instantaneous  response  from  +2  psi 
shear  to  -10  psi  shear*  when  the  differential  pressure  is  applied,  followed 
by  a  gradual  creep  of  approximately  1  psi  during  the  time  that  the 
pressure  is  maintained.  When  the  pressure  is  removed  the  gage  response 
quickly  reverts  to  its  pre-test  reading  of  approximately  +2  psi  shear. 

Gage  SH-4,  which  is  closest  to  the  applied  pressure,  shows 
a  high  initial  shear  stress  change  from  -1  to  -18.5  psi  upon  the  appli¬ 
cation  of  the  step  pressure.  However,  during  the  subsequent  one  and 
a  half  days  time  period  this  shear  stress  relaxes  to  a  value  of  -15 
psi.  This  is  probably  due  to  relaxation  effects  in  the  propellant 
grain.  Upon  the  removal  of  the  step  pressure  gage  SH-3  rapidly  reverts 
to  a  reading  of  approximately  -1.5  psi  shear**  which  is  very  close  to 
its  pre-test  reading. 

The  displacement  of  the  end  of  the  grain  was  obtained  during 
the  time  of  the  pressure  step  application  and  its  removal  and  they  are 
plotted  in  Figure  36.  When  the  pressure  was  applied  a  rapid  displacement 
of  the  end  of  the  grain  of  approximately  0.12"  occurred  and  creep  was 
observed  to  occur  thereafter  until  at  the  end  of  the  pressurization 
period  the  grain  deflection  had  increased  to  0.15".  Upon  removal  of  the 
step  pressure  an  almost  immediate  grain  displacement  of  0.1"  occurred 
back  towards  its  original  configuration  followed  by  a  slow  recovery  for 


*  This  makes  a  total  change  of  12  psi  shear,  which  is  to  be  compared 
to  an  analytical  prediction  of  10  psi. 

**  Thus,  a  total  change  of  13.5  psi  shear  was  obtained.  This  is  close 
to  that  for  SH-3  and  significantly  larger  than  the  predicted  value  of 
10.5  psi . 
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the  next  ten  days.  At  the  end  of  this  time  the  grain  was  still  approxi¬ 
mately  .02"  displaced  and  showed  no  further  recovery  during  the  next  20 
days.  It  would  seem,  therefore,  that  the  propellant  did  undergo  a  small 
plastic  deformation  in  this  room  temperature  test. 

The  observed  changes  in  the  grain  stresses  and  in  its  plastic 
flow  are  considered  to  be  small  and,  possibly,  insignificant. 

3.  Nitrogen  Purge  Test 

The  final  test  to  which  STV  No.  ^  was  subjected  was  a  continuous 
wash  with  dry  nitrogen  gas  (at  both  ends)  for  a  period  of  one  month  at  77®F. 
The  resulting  test  data  are  presented  in  Figure  37.  An  examination  of  this 
figure  suggests  that  little  change  in  gage  reading  occurs  as  a  result  of 
the  dry  nitrogen  purge.  However,  shear  gage  SH-4  did  change  its  reading 
from  -1  psi  at  the  beginning  of  the  test  to  a  value  of  -2  psi  at  the  end 
of  the  test.  This  appears  to  be  the  only  change  of  significance  in  the 
gage  readings  during  the  test*. 

It  is  concluded,  therefore,  as  a  result  of  the  dry  nitrogen 
purge  test  that  any  loss  of  volatiles  produced  by  the  purge  were  not 
sufficient  to  cause  significant  changes  in  the  grain  stresses  of  STV 
No.  4. 

F.  CONCLUSIONS 

Large  changes  occurred  in  the  grain  stress  readings  upon  storage 
of  the  grain  for  one  year  at  77°F.  The  observed  stress  decay  is  attri¬ 
buted  to  changes  in  both  the  stress-free  temperature  of  the  propellant 
grain  and  the  zero  stress  calibrations  of  the  gages. 


*  Large  differences  in  the  readings  of  gage  N5-1  are  seen  on  comparing 
the  data  of  Figure  37  to  those  at  the  end  of  aging  (Figure  32)  and  at 
the  end  of  the  pressure  differential  test  (Figure  34).  These  differences 
are  attributed  to  changes  in  the  gage  zero  stress  calibration. 
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Measured 


Small,  possibly  insignificant,  changes  In  the  grain  shape  and 
grain  shear  stresses  were  obtained  from  the  plastic  flow  tests. 

Any  changes  caused  by  the  loss  of  grain  volatiles  were  too  small 
to  measure. 
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SECTION  9 


STV  NO.  5  -  RE-TEST  OF  STV  NO.  3 

A.  INTRODUCTION 

STV  No.  5  was  built  to  complete  some  of  the  tasks  not  accomplished 
with  STV's  No.  2  and  No.  3.  Differential  pressure  tests  at  moderate  stress 
levels  and  at  three  temperatures  were  not  completed  on  STV  No.  2,  and  on 
STV  No.  3  the  differential  pressure  tests  at  high  superimposed  hydrostatic 
stress  levels  were  not  completed  because  of  the  unexpected  failure  of  the 
propellant  grain- liner  bond.  The  new  STV  contained  seven  shear  gages »  four 
failure  event  gages  and  one  normal  stress  gage  so  that  an  investigation  of 
gage  performance  under  realistic  pressure  and  shear  levels  up  to  and 
including  failure  of  the  propellant  liner  bond  could  be  carried  out. 

Unfortunately,  this  grain  was  defective  due  to  a  number  of  casting 
voids  in  the  bulk  of  the  grain  and  adjacent  to  the  gages.  The  stress  gage 
measurements  were  strongly  affected  by  these  voids,  so  the  test  results 
are  not  of  value  for  engineerii'i  purposes.  But,  the  results  should  be  of 
considerable  value  to  those  experimentalists  who  may  be  faced  with  similar 
gage  problems  in  the  future. 

Tests  of  the  failure  event  gages  were  not  affected  by  these  voids, 
however,  and  good  results  were  obtained.  They  shew  the  concept  to  be  a 
practical  one. 

B.  TEST  OBJECTIVES 

The  original  objectives  of  STV  No.  5  may  be  listed  as  follows: 

PrecedinE  page  blank 


-91- 


1.  To  investigate  the  performance  of  shear  and  failure  event 
gages  under  differential  pressure  and  combined  differential  and  hydro¬ 
static  pressures  up  to  the  failure  of  the  propellant  liner  bond. 

2.  To  provide  an  assessment  of  the  accuracy  of  the  laboratory 
calibration  technique  for  the  shear  gages. 

3.  To  investigate  the  performance  of  shear  gages  embedded  at 
different  depths  within  the  V-45  insulation  layer. 

C.  DESCRIPTION  OF  TEST  ITEMS 

STV  No.  S  was  fabricated  in  accordance  with  Fioure  3R.  Four 
conductive  elastomeric  failure  gages  made  by  Technical  Wire  Products 
using  the  design  shown  in  Figure  38  were  installed  in  the  STV.  Two 
failure  event  gages  were  installed  2.5"  from  each  end  of  the  11  in. 
long  propellant  grain  (the  grain  was  one  inch  longer  than  originally 
planned).  Seven  shear  gages  were  installed,  three  at  the  mid-point 
of  the  grain  and  two  each  2.5"  from  each  end  of  the  propellant  grain. 
One  normal  stress  gage  was  installed  2.5"  from  end  B  of  the  grain. 


Shear  gages  Nos.  39,  100  and  102  were  installed  on  top  of  the 
0.30"  thick  V45  insulation.  Shear  gages  Nos.  64  and  103  were  installed 
halfway  into  the  insulation  and  shear  gages  Nos.  66  and  103  were  almost 
completely  buried  in  the  0.30"  insulation  layer. 

STV  No.  5  had  three  pairs  of  shear  gages  installed:  one  set 
at  the  axial  mid-point  of  the  grain,  and  the  others  located  at  3-inches 
from  the  mid-point.  When  the  grain  was  subjected  to  differential  pressure 
the  mid-plane  gages  were  approximately  the  same  distance  from  the  pres¬ 
surized  end,  whichever  end  was  pressurized,  whereas  the  gages  situated 
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off  the  mid-plane  were  either  close  to  the  pressurized  end  or  remote 
from  it.  Because  of  this  gage  placement,  when  a  differential  pressure 
is  applied  to  the  ends  of  the  grain,  the  shear  gage  will  experience 
the  same  shear  stress  but  different  hydrostatic  pressures.  The 
performance  of  the  gage  in  two  different  combinations  of  shear  and 
pressure  stresses  may  therefore  be  investigated. 

D.  OBSERVED  PREPARATION  DEFECTS 

The  gage  placements  were  visually  evaluated  after  the  testing 
was  completed  and  bond  system  failure  had  occurred.  After  this  failure 
the  grain  was  easily  pushed  out  of  the  chamber  and  the  gage  sites  con¬ 
veniently  examined.  A  number  of  casting  voids  were  found  both  in  the 
bulk  of  the  propellant  grain  and  the  propellant  adjacent  to  the  liner, 
as  well  as  in  the  liner.  Also,  thick  layers  of  the  low  modulus  liner 
material  were  found  near  some  of  the  transducers.  Those  defects  that 
could  have  had  some  effect  upon  transducer  performances  are  illustrated 
in  the  sketch  of  Figure  39. 

The  suspect  gages  are: 


SH 

39 

SH 

66 

SH 

-  101 

SH 

-  103 

N 

34 

Shear  gages  SH-66  had  been  placed  in  the  grain  at  a  sliaht  angle 
and  was  not  completely  embedded,  as  planned.  Evidently,  this  was  cor¬ 
rected  using  IBT-115  insulation,  which  produced  the  tapered  shape 
observed  in  the  grain.  For  this  reason  we  added  the  shear  transducer 
SH-66  to  the  suspect  list. 
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Relati ve 
Angular 
Position: 


Since  the  bulk  of  the  propellant  also  contained  casting  voids 
(estimated  to  be  5  volume  %),  all  of  the  stress  gages  would  have  been 
affected  somewhat. 

E.  TEST  PROCEDURES 

Two  types  of  pressure  tests  were  conducted  on  5TV  No.  5.  Hydro¬ 
static  pressure  tests  (i.e.,  both  ends  of  the  grain  pressurized  simultan¬ 
eously)  were  performed  and  differential  pressure  tests  (i.e.,  tests  in 
which  one  end  of  the  grain  was  subject  to  a  different  pressure  than  the 
other  end)  were  also  performed.  The  test  procedure  adopted  was  to  con¬ 
dition  the  STV  to  a  certain  temperature  (the  first  test  temperature  was 
80°F),  then  perform  the  hydrostatic  step  pressure  tests.  Ten  psi  steps 
were  used  to  a  maximum  pressure  of  50  psi  and  back  down  to  zero  psi. 

At  the  conclusion  of  the  hydrostatic  step  pressure  test  the  dif¬ 
ferential  pressure  tests  were  performed.  The  test  set-up  used  was 
identical  to  that  employed  with  STV  No.  2.  A  5  psi  step  pressure  was 
applied  initially  to  one  end  of  the  grain  and  the  response  of  the  gages 
was  monitored  for  two  minutes.  The  pressure  was  then  released  and  t!te 
gage  response  monitored  for  an  additional  two  minutes.  The  5  psi  pres¬ 
sure  step  was  then  applied  to  the  opposite  end  of  the  grain  and  the 
response  of  the  gages  was  monitored  for  another  two  minutes.  The 
pressure  was  then  returned  to  zero  while  the  gage  response  was  monitored 
for  two  more  minutes.  This  test  sequence  was  repeated  using  10,  15,  and 
20  psi  pressure  steps  applied  to  alternate  ends  of  the  grain. 

For  the  second  differential  pressure  test  sequence  a  hydrostatic 
pressure  of  10  psi  was  applied  initially  to  the  STV  and  the  gage  readings 
were  allowed  to  equilibrate.  Five  psi  differential  pressure  steps  were 
then  applied  alternately  to  the  ends  of  the  grain  while  maintaining  the 


10  psi  pressure  on  the  other  end.  This  test  sequence  was  identical  with 
the  first  differential  pressure  test  except  that  a  superposed  10  psi 
hydrostatic  pressure  was  maintained  in  addition  to  the  differential 
pressures.  For  the  remainder  of  this  test  series,  identical  test 
sequences  were  followed  using  hydrostatic  superimposed  pressure  levels 
of  20,  50  and  200  psi  while  increasing  at  10  psi  increments  in  turn  for 
each  end.  Table  4  shows  the  details  of  this  series  of  differential 
pressure  tests. 

Upon  completion  of  the  hydrostatic  test  series  and  th3  differential 
pressure  test  series,  the  temperature  was  changed  to  114°F  and  the  whole 
test  sequence  was  repeated.  The  entire  test  sequence  was  also  repeated 
at  44°F. 

The  final  test  sequence  performed  on  STV  No.  5  was  the  failure 
test.  In  this  case  the  STV  was  conditioned  to  77°F,  a  hydrostatic 
pressure  of  600  psi  was  appl ied  to  the  STV  and  the  gage  readings  were 
allowed  to  equilibrate.  Differential  pressures  were  then  applied  to 
alternate  ends  of  the  grain;  the  differential  pressure  being  increased 
10  psi  at  each  step  (the  first  step  being  10  psi)  until  failure  occurred 
at  a  differential  pressure  of  approximately  160  psi.  The  grain  failed 
at  the  propellant-liner-insulation  bond  and  the  whole  grain  was  pushed 
out  of  the  case. 

F.  EXPERIMENTAL  TEST  RESULTS 

The  experimental  test  data  obtained  with  STV  No.  5  are  discussed 
next.  Only  selected,  typical  test  data  are  presented  in  the  text,  the 
majority  of  the  STV  No.  5  data  being  given  in  Appendix  F.  The  various 
parts  of  the  experimental  test  program  are  discussed  below. 
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DIFFERENTIAL  PRESSURE  TESTS  FOR  STV  NO. 
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1.  Hydrostatic  Pressure  Test  Results 

Figure  40  shows  the  output  from  normal  stress  qage  N-34 
resulting  from  the  application  of  hydrostatic  pressure  steps  to  STV 
No.  5.  The  data  measured  at  three  temperatures,  114,  80,  and  44®F 
are  shown  in  this  figure.  The  gage  response  versus  hydrostatic 
pressure  is  a  linear  relationship  whose  slope  is  always  less  than 
that  measured  during  the  calibration  of  the  gage  without  the  grain 
in  place  (Tabl^  5).  This  reduction  in  qage  response  is  too  great 
to  be  accounted  for  by  any  reasonable  degree  of  hydrostatic  stress 
attenuation  in  a  void-free  grain.  But  the  grain  had  numerous  internal 
casting  voids  (estimated  to  total  more  than  5  volume  %),  and  there  was 
a  casting  void  adjacent  to  the  gage  (Figure  39).  The  marked  sensitivity 
to  temperature  of  the  gage  responses  is  attributed  to  the  voids  which 
permit  a  marked  attenuation  of  the  hydrostatic  pressure. 

Figure  41  illustrates  the  results  of  moderate  pressure 
level  testing,  up  to  50  psi,  upon  the  output  of  the  shear  gages  at 
114°F.  With  two  exceptions,  the  gages  show  only  a  small  change  in 
output  under  hydrostatic  pressure  loads.  Theoretically  a  shear  gage 
should  exhibit  no  response  to  a  hydrostatic  pressure  load,  but  because 
of  inherent  small  defects  in  the  gages,  liner,  and  the  surrounding 
propellant,  some  gage  effects  are  often  obtained. 

In  the  case  of  shear  gages  SH-39  and  SH-100,  the  output 
under  hydrostatic  pressure  loads  is  extremely  high.  It  must  be 
expected,  therefore,  that  these  gages  would  show  considerably  different 
results  depending  on  which  end  of  the  STV  is  pressurized  during  a  dif¬ 
ferential  pressure  test,  even  if  the  shear  stress  were  constant  over 
the  grain  length. 


0 

Figure  40. 


10  20  30  40  50 

Pressure,  psi 

Hydrostatic  Pressure  Test  Data  from  Normal  Gage  N-34 
In  STV  No.  5 
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TABLE  5 

COMPARISON  OF  NORMAL  STRESS  GAGE  (N-34)  SENSITIVITY 


CALIBRATION  WITH  MEASURED  GAGE 

IN  THE  GRAIN  OF  STV  NO. 

RESPONSE 

5 

Gaqe  Response, 

MV/psi 

44°F 

80°  F 

114°F 

Calibration 

0.813 

0.810* 

0.816* 

Response  in  Grain 

0.563 

0.638 

0.720 

*by  Extrapolation 
obtained  at  44°, 


and  Interpolation  from  data 
72°,  and  106°F. 


9 


GAGE  OUTPUT  MV 


Figures  42  through  44  show  more  details  of  the  effects  of 
hydrostatic  pressure  on  the  shear  gage  responses.  In  these  figures 
the  responses  of  tt)e  shear  gages  are  shown  plotted  against  the  hydro¬ 
static  pressure  up  to  200  psi.  The  results  of  all  the  hydrostatic 
pressure  tests  at  the  three  temperatures  are  shown.  It  should  be 
evident  that  the  responses  of  the  shear  gages  to  hydrostatic  pressure 
are  markedly  non-linear.  This  non-linearity  is  attributed  primarily 
to  the  voids  at  the  gages  or  in  the  orain  near  to  them. 

2.  Differential  Step  Pressure  Test  Results 

The  output  from  the  shear  gages  in  STV  No.  5  are  plotted 
as  a  function  of  differential  pressure  in  Figures  45  through  48. 

They  are  arranged  in  groups,  the  first  group  comprising  the  114“F 
test  data.  The  80°F  group  and  the  44“F  oroup  of  differential 
pressure  test  data  are  given  in  Appendix  F.  The  slopes  of  these 
response  data  are  summarized  in  Table  6. 

Each  group  shows  one  figure  in  which  the  data  from  the 
shear  gages  at  the  middle  of  the  grain  (i.e.,  gages  SH-39,  SH-101, 
and  SH-102)are  plotted  against  differential  pressure.  In  the  case 
of  the  114°F  tests  Figure  45  shows  this  plot.  The  next  figure, 

Figure  46,  shows  the  same  data  for  the  gages  located  towards  the  end 
of  the  STV  grain;  i.e.,  gages  SH-64,  SH-66  and  gage  SH-100.  Both 
these  initial  figures  show  the  test  data  for  the  case  of  zero  hydro¬ 
static  pressure  applied  to  the  STV.  Thus,  there  is  zero  pressure 
applied  to  one  end  of  the  grain  at  all  times. 
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GAGE  OUTPUT,  MV 


GAGE  OUTPUT,  MV 


TABLE  6 


COMPARISOf^  OF  GAGE  RESPONSE  DATA  DURING 
DIFFERENTIAL  PRESSURE  TESTING 


C  P 

_ Slopes  of  Gage  Responses,  MV/psi _ 

44°F  80°^  114°F 

Differential  Press-  Differential  Press.  Differential  Press. 
^^96  On  Side  A  On  Side  B  On  Side  A  On  Side  B  On  Side  A  On  Side  B 


SH-39 

0 

0.222 

0.419 

0.290 

0.466 

0.284 

0.648 

SH-64 

0 

0.065 

0.127 

0.060 

0.150 

0.105 

0.151 

SH-66 

0 

0.391 

0.210 

0.535 

0.290 

0.538 

0.490 

SH-100 

0 

0.115 

0.403 

0.135 

0.455 

0.206 

0.580 

SH-101 

0 

0.480 

0.418 

0.557 

0.515 

0.701 

0.657 

SH-102 

0 

0.271 

0.277 

0.327 

0.268 

0.417 

0.332 

SH-39 

200 

0.328' 

1^ 

0.435* 

0.602* 

SH-64 

200 

0.094 

0.107 

0.132 

SH-66 

200 

0.318 

0.479 

0.548 

SH-100 

200 

0.168 

0.239 

0.401 

SH-101 

200 

0.361 

0.516 

0.708 

SH-102 

200 

0.253 

0.357 

0.554 

*  The  slopes  were  identical  for  differential  pressure  on  side  A 
and  on  side  B. 
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The  next  two  figures  in  the  first  group,  i.e.,  Figures  47 
and  48  show  similar  plots  but  for  the  case  where  a  mean  hydrostatic 
pressure  of  200  psi  is  applied  to  the  grain.  Thus,  Figure  47  shows 
the  data  from  the  shear  gages  at  the  middle  of  the  grain  at  a  tempera¬ 
ture  of  114°F  plotted  versus  differential  pressure  and  Figure  48  shows 
the  gage  output  for  the  end  shear  gages  versus  differential  pressure. 

An  examination  of  Figure  45  shows  that  the  centrally  located 
shear  gages  SH-101,  SH-102  and  SH-39  exhibit  almost  linear  plots  of 
output  as  a  function  of  applied  differential  pressure.  However,  closer 
examination  of  these  curves  shows  that  the  slope  of  the  gage  output 
versus  differential  pressure  applied  to  the  end  A  of  the  grain  is 
generally  slightly  different  from  the  slope  of  the  output  of  the  gage 
versus  differential  pressure  applied  at  end  B.  This  effect  is  small  in 
shear  gage  SH-101,  slightly  larger  in  shear  gage  SH-102  and  is  the  most 
pronounced  in  the  case  of  shear  gage  SH-39. 

Plots  presented  earlier  of  the  effect  cf  hydrostatic  pressure 
on  shear  gage  output  showed  that  in  many  instances  the  change  in  gage 
reading  was  reduced  significantly  at  the  higher  hydrostatic  pressure 
levels.  For  this  reason  it  is  interesting  to  examine  the  data  of 
Figures  47  and  48  and  Table  6  which  show  the  shear  gage  output  (for 
those  gages  located  in  the  middle  and  ends  of  the  grain,  respectively) 
when  a  200  psi  hydrostatic  pressure  is  applied  to  the  grain.  A  com¬ 
parison  of  Figures  45  and  47  shows  that  in  spite  of  more  data  scatter 
at  the  higher  pressure  levels,  the  changes  in  slope  obtained  with  zero 
hydrostatic  pressure  are  not  obtained  with  the  200  psi  hydrostatic 
pressure  applied  to  the  grain.  This  is  particularly  noticeable  in  the 
case  of  gage  SH-39  which  showed  such  a  marked  change  in  slope  depending 
on  which  end  of  the  STV  was  pressurized.  A  similar  comparison  between 
the  data  in  Figures  46  and  48  also  shows  that  the  change  in  slope  has 
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been  virtually  eliminated  at  the  200  psi  applied  hydrostatic  pressure 
level.  Even  gage  SH-100  does  not  appear  to  exhibit  a  noticeable  change 
in  slope  with  the  change  of  the  ends,  for  the  differential  pressurization, 
although  the  hydrostatic  pressure  test  data  suggested  that  this  gage 
would  still  exhibit  a  significant  hydrostatic  pressure  effect  at  200  psi. 

The  output  of  the  normal  gage  under  differential  pressure 
loading  for  the  IN^F  temperature  is  shown  in  Figure  49.  It  will  be 
noted  that  the  gage  output  versus  pressure  is  significantly  different 
depending  upon  which  end  of  the  grain  is  pressurized,  as  would  be 
expected.  Also  shown  in  Figure  49  is  the  response  of  the  normal  stress 
to  hydrostatic  pressure.  The  slope  of  the  normal  stress  measurement  to 
hydrostatic  pressure  at  114°F  is  0.724  mv/psi.  When  a  differential 
pressure  is  applied  to  the  end  nearest  the  normal  gage  the  measured 
slope  is  0.645  mv/psi.  When  the  pressure  is  applied  at  the  end  of  the 
grain  remote  from  the  gage,  the  gage  response  is  only  0.10  mv/psi. 

These  slopes  are  to  be  compared  to  a  gage  calibration  sensitivity  at 
114®F  of  0.813  mv/psi.  From  this  it  can  be  seen  that  under  hydrostatic 
pressure,  the  normal  stress  gage  sees  only  89%  of  the  hydrostatic  pressure 
applied  to  the  STV.  Clearly  the  propellant  itself  is  carrying  some  of 
the  hydrostatic  pressure  load.  The  pressure  measured  by  the  gage  when 
only  the  closest  end  is  pressurized  is  equal  to  79.3%  of  the  pressure 
on  that  end,  whereas  when  the  end  remote  from  the  gage  is  pressurized 
the  pressure  on  the  gage  is  only  12.3%  of  the  pressure  on  the  end  of 
the  grain. 

Figure  50  shows  the  gage  response  to  the  differential  pressure 
at  a  temperature  of  80°F.  The  data  are  similar  to  that  shown  in  Figure  49 
but  the  gage  output  for  the  same  applied  pressure  is  much  smaller  at  the 
lower  temperature:  compare  the  slope  of  0.418  mv/psi  at  80®F  with  the 
slope  of  0.645  mv/psi  at  114°F. 


Slope  =  0.724  mv/ps1 
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Figure  49.  STV  No.  5  Normal  Gage  Output  Versus  Hydrostatic 
and  Differential  Pressure  {Pij=0);  T  =  114°F 
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Figure  50.  STV  No.  5  Normal  Stress  Gage  Response  Versus 
Differential  Pressure  =  0):  T  =  80®F 
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3.  Thennal  Data  from  STV  No.  5 


Figures  51  and  52  show  the  thermal  stresses  measured  at  the 
three  test  temperatures  by  the  normal  and  shear  gages  in  STV  No.  5. 

It  will  be  noted  that  the  shear  gages  (SH-39,  101  ,  102)  located  at  the 
middle  of  the  STV  show  essentially  no  thermal  shear  stress  as  the  tempera¬ 
ture  is  lowered  (Figure  52).  This  was,  of  course,  expected  since  no  shear 
stress  should  be  generated  at  the  middle  of  a  syrmetrical  grain.  The  large 
compressive  stress  at  IM^F  and  zero  stress  at  44®F  indicated  by  data  from 
the  normal  stress  gage  shows  that  this  gage  must  have  changed  its  charac¬ 
teristics. 


The  behaviors  of  the  shear  gages  (SH-64,  66,  and  100)  at  the 
grain  ends  are  given  in  Figure  52.  These  gages  should  behave  similarly 
except  for  the  sign  of  the  stress  readings.  Gages  SH-64  and  SH-66  are 
observed  to  follow  the  predicted  behavior,  the  stresses  differing  at  44“ 
and  80°F  up  to  a  maximum  of  S0%.  The  magnitudes  of  the  observed  stresses 
from  shear  gages  SH-100  follow  those  for  SH-64  except  at  44“F.  However 
the  signs  of  the  shear  stresses  from  gage  SH-100  appear  to  be  in  error, 
in  that  they  are  opposite  to  those  for  shear  gage  SH-64. 

4.  STV  No.  5  Failure  Test  Data 

As  was  mentioned  earlier,  STV  No.  5  was  failure  tested  while 
subject  to  a  mean  hydrostatic  pressure  of  600  psi .  Increasing  differential 
pressures  were  applied  to  the  STV  jntil  the  propellant-insulation  bond 
failed.  The  differential  pressure  steps  were  applied  to  each  end  of  the 
grain  alternately,  the  pressure  differ'ence  being  maintained  for  approxi¬ 
mately  five  minutes  at  each  step.  At  the  end  of  the  five-minute  period 
the  pressure  was  reduced  to  600  psi  and  the  hydrostatic  condition  main¬ 
tained  for  a  further  five-minute  period  before  applying  the  next  pressure 
differential  to  the  other  end  of  the  grain. 

The  results  of  the  tests  from  shear  gages  are  shown  in  Figures  53 
through  55,  with  further  data  given  in  Appendix  F.  For  each  gage,  the  out¬ 
put  in  millivolts  is  plotted  against  the  differential  pressure  up  to  the 
point  of  failure.  It  will  be  noted  that  the  plots  of  gage  output  versus 
differential  pressure  are  linear  although  some  scatter  in  the  measured 
data  are  apparent.  This  indicates  that  any  effects  of  hydrostatic  pressure 
on  the  gage  readings  were  suppressed  by  the  application  of  the  600  psi  super¬ 
imposed  hydrostatic  pressure. 
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Figure  53.  STV  No,  5.  Failure  Test.  Shear  Gage  SH-39 
Output  vs.  Differential  Pressure 


Figure  54.  STV  No.  5.  Failure  Test.  Shear  Gage  SH-101 
Output  versus  Differential  Pressure 
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Figure  55.  STV  No.  5.  Failure  Test.  Shear  Gage  SH-102  Output 

vs.  Differential  Pressure 


The  onset  of  failure  Is  clearly  evident  In  the  data  from 
these  shear  gages.  Thus  shear  gage  SH-101,  for  Instance,  clearly  shows 
that  failure  occurred  Initially  at  a  differential  pressure  of  15C  psi 
applied  at  the  end  B.  Shear  gage  SH-102  also  clearly  defines  that 
failure  Initiated  at  some  differential  pressure  level  between  130  and 
160  psi.  In  fact,  all  the  shear  gages  gave  proper  Indications  of  motor 
failure  and  all  the  gages  functioned  consistently  up  to  and  Including 
the  point  of  failure  of  the  propellant-liner  bond.  The  failure  shear 
stress  equivalent  to  the  160  psi  differential  pressure  Is  only  22  psi. 

This  is  much  less  than  the  shear  stress  value  of  32  psi  obtained  on  the 
earlier  STV  No.  3  failure  test.  The  earlier  STV  was,  however,  tested 
to  failure  much  more  rapidly  than  STV  No.  5  so  that  the  damage  accumulation 
on  It  was  much  less  than  on  STV  No.  5. 

Of  particular  Interest  In  STV  No.  5  was  the  behavior  of  the 
failure  event  gages  during  these  failure  tests.  Four  failure  event  gages 
were  Installed  In  the  STV.  Nos.  1  and  3  were  at  end  A  of  the  grain  and 
failure  gages  2  and  4  were  close  to  end  B.  The  first  gage  to  give  an 
indication  of  failure  was  failure  gage  No.  4  which  became  discontinuous 
when  a  differential  pressure  of  160  psi  was  applied  to  end  B  of  the  STV. 
Failure  gage  No.  3  became  discontinuous  when  the  differential  pressure 
was  170  psi  applied  to  end  B,  while  failure  gage  No.  1  did  not  become 
discontinuous  until  this  pressure  equalled  180  psi  (applied  to  the  same 
end).  Failure  Gage  No.  2  also  appeared  to  behave  erratically  at  this 
time,  showing  the  onset  of  failure  at  that  location. 

It  is  clear  therefore  that  the  new  Improved  type  of  failure 
event  gage  gave  a  clear  indication  when  failure  of  the  bond  occurred. 
However,  It  seems  possible  that  the  shear  gages  will  give  an  Indication 
of  the  onset  of  failure  prior  to  the  actual  separation. 
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Fipure  56  shows  the  pressure  measured  by  the  150  psi  normal 
stress  gage  during  the  failure  test.  The  gage  performed  well  in  spite 
of  the  fact  that  the  test  began  at  600  osi  hydrostatic  pressure,  i.e., 

4  times  the  maximum  range  of  the  gage.  It  continued  to  re  a  the  STV 
pressure  up  to  grain  failure  at  775  psi  at  the  gage.  Also,  the  gage 
was  still  functioning  after  the  failure  test  was  finished.  The  large 
attenuation  experienced  when  pressurizing  side  B  is  attributed  primarily 
to  grain  voids. 

Figures  57  and  58  show  the  deflections  of  the  ends  of  the 
grain  as  measured  by  linear  potentiometers.  The  initiation  of  failure 
at  End  B  is  clearly  shown  in  Figure  58  :\t  a  pressure  of  160  psi. 

G.  CONCLUSIONS 

The  most  significant  information  resulting  from  the  STV  No.  5 
test  data  is  the  fact  that  the  shear  gages  can  produce  a  spurious  output 
signal  if  they  have  a  significant  response  to  hydrostatic  pressure. 
Fortunately,  this  fact  was  appreciated  early  in  the  program  and  the 
shear  gages  intended  for  use  in  the  full-scale  motors  were  subjected 
to  a  combined  shear  plus  hydrostatic  pressure  test  (at  200  psi).  Gage 
SH-39  in  fact  was  rejected  for  use  in  the  first  full-scale  motor  because 
of  excessive  response  to  hydrostatic  pressure.  The  STV  No.  5  data  con¬ 
firms  the  wisdom  of  this  decision. 

The  attenuation  of  hydrostatic  pressures  superimposed  upon  the 
grain  can  be  significantly  increased  by  the  casting  voids.  The  effect 
is  to  increase  grain  shear  stresses  and  to  modify  gage  responses  from 
those  expected  using  void- free  structural  analyses.  Also,  the  effects 
are  highly  temperature  dependent. 

The  shear  stress  and  failure  event  gages  seemed  to  perform  well 
in  defining  initiations  of  failures  at  the  bondline. 
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STV.  No.  5.  Failure  Test.  Linear  Potentiometer  B 
vs.  Differential  Pressure 
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APPENDIX  A 
NORMAL  STRESS  GAGES 
DESCRIPTION  AND  PREPARATION 
PROCEDURES 
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GENERAL  DESCRIPTION 


The  normal  stress  gages  used  (Konigsberq  Instruments  P-14EB  Series) 
were  simply  a  form  of  a  miniature  load  cell  whereby  active  semi-conductor 
gages  were  bonded  onto  a  thin  machined  diaphragm.  The  design  is  shown  in 
Figure  A-1.  It  is  constructed  as  a  "fluid"  pressure  transducer,  with  an 
internal  pressure  reference  cavity,  and  four  semi-conductor  strain  gages 
bonded  to  the  integrally  machined  pressure  sensing  diaphragm.  The  trans¬ 
ducer  is  only  0.060  in.  thick,  has  a  tapered  frontal  surface,  and  cables 
exiting  from  the  rear.  Measurement  of  residual  transducer-induced 
perturbations  are  minimized  by  having  the  active  portions  of  the  strain 
gages  extend  to  50%  of  the  diaphragm  radius.  Artifacts  caused  by  propellant 
stress- induced  bending  of  the  transducer  are  minimized  by  internal  stiffening 
members . 


The  transducer  is  calibrated  as  two  independent  half-bridges  that 
follow  the  circuit  shown  in  Figure  A-2.  Adjustments  in  the  fixed  resistors 
provide  the  required  temperature  compensations.  The  dual  bridge  circuits 
allow  a  direct  comparison  between  the  readings  from  two  independent  circuits 
subject  to  the  same  stress.  This  redundancy  in  the  gage  design  was  employed 
for  the  first  time  in  the  Flexible  Case-Grain  Interaction  program. 

To  provide  the  sensitivity  required  for  the  less  severe  loadings 
and  the  range  required  for  the  very  important  pressurization  loads,  two 
types  of  diaphragm  transducers  were  used  on  the  program.  One  was  the 
150  psi  full-scale  gage  that  had  beer  found  to  satisfactorily  resolve 
stress  changes  on  the  order  of  1  psi:  the  other,  a  450  psi  full-scale 
gage  that  is  known  to  operate  well  above  500  psi  pressure. 
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The  following  s|'ocifications  refer  to  transducer  performance  measured 
under  fluid  pressure  ronditions  in  the  laboratory. 


1.  Pressure  ranges 

2.  Maximum  applied  pressure  (No  damage) 

3.  Excitation  voltage 


150  and  450  psia 
200%  of  rated  range 
28.0  Vdc 


4.  Gage  voltage  (nominal)  1.5  Vdc 

(Note:  flighcr  gage  voltages  to  2.5 
Vdc  arc  acceptable  in  In-Situ 
calibration) 


5.  Output  voltage,  at  100%  of  pressure  135  +  15  mV 

range 


6.  Calibration  torifierniure  range  QC  calib.  +30  to  +130"F 

(Nolt;:  1 1  aiisd'jcet  :■>  can  be  (:Dni!)cnsated  TC  calib.  -65  to  +150°F 
over  the  tcmperatute  range 
froiii  •  to  ,  althnugb 

temperature  effect^  liecome 
marl.edly  nonlinear  below  -65°F 
and  above  150°F) 


7.  Non-Linearity,  Hysteresis,  and  +  1.0%  F.S.,  B.S.L. 

Repeatability  Combined 


8.  Zero  temperature  shift/100''F 


+  2.0%  F.S.,  B.S.L. 


9.  Sensitivity  temperature  shift/100°F  2.0%  F.S.,  B.S.L. 

(Note:  Temperature  shift  specifications 
can  be  improved,  de|)C'iiding  on 
range) 


10.  Output  impedance  -  half  brulgcs,  800  Ohms 

R^-R4  and  R2  ^'3  configuration, 
nomi na  1 
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PREPARATION 


IBT-115  trowelable  Insulation  was  selected  as  the  material  to 
encapsulate  the  normal  stress  gages  and  to  bond  the  gages  to  the  case 
wall.  A  two-piece  mold  fixture  to  encapsulate  the  normal  stress  gages 
was  designed  and  fabricated  out  of  aluminum  as  shown  In  Figure  A-2. 

The  size  of  the  fixture  is  12  In.  long  and  1.5  inches  wide.  The  diameter 
of  the  mold  cavity  is  3/4  inch  and  it  is  1/2  Inch  deep.  The  fixture 
allows  potting  of  nine  gages  at  one  time.  To  facilitate  mold  release, 
the  mold  was  designed  in  two  pieces  (Figure  A-3). 

The  IBT-115  was  cast  into  the  mold  after  pre-heating  both  for 
20  minutes  at  175°F.  After  casting  the  adhesive  is  cured  at  175°F  for 
4  hours.  This  should  yield  a  cured  material  with  a  Shore  A  hardness  of 
66  to  70  and  77°F. 

CALIBRATIONS 

After  encapsulation,  the  nonnal  stress  gages  were  calibrated 
and  temperature  compensated  over  the  range  from  30®  to  130°F. 
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SHEAR  STRESS  GAGES 

(DESCRIPTION  AND  PREPARATION  PROCEDURES) 


GrNKRAL  D[:!>CFUPTION  AND  PREPARATION 


Tlic  shear  gaejos,  or  cubes,  consisted  basically  of  two  semi -conductor 
strain  gdtjcs  Mounted  in  o  degree  piano  of  a  transducer  body,  Figure  B-1 . 

The  body  of  the  transducers  wa'^  molded  from  V-45  insulation  material  in  the 
fixture  shown  in  l  igine  D-?.  The  body  war.  basically  a  triangle  with  a  base 
of  1/?  inch,  altitude  of  1/4  inch,  1/2  inch  thick,  and  base  angles  of  45 
degrees. 

After  the  semi-conductor  strain  gages  were  installed  onto  the  basic 
triangular  body,  these  assemblies  were  bonded  to  a  strip  of  molded  V-45 
fabricated  from  the  fixture  shown  on  Figure  B-3,  which  contained  "cut-away" 
triangular  slots  to  accommodate  flush  bonding  of  four  basic  triangular  units. 

Two  af  these  strips,  with  the  basic  triangular  gage  units  bonded  into  place, 
were  then  bonded  to  pieces  of  wood  to  form  the  complete  fixture  for  cali¬ 
brating  eight  shear  gages.  Figure  B-4.  A  completed  shear  cube  Is  shown  in 
Figure  B-5. 

CALIBRATION  PROCEDURES 

The  transducers  v/ere  calibrated  as  a  simple  bridge  circuit  that  employed 
the  schematic  shown  in  Figure  n-6. 

For  calibrating  purposes,  the  completed  shear  calibration  fixture, 

Figure  B-4,  was  mounted  in  an  Instron  tensile  tester.  In  general,  the  shear 
cubes  were  loaded  to  120  to  150  lbs,  which  is  equivalent  to  approximately  10 
to  15  psi  shear.  The  shear  gage  calibrations  were  performed  at  30°,  80°,  and 
130°F  by  applying  shear  loads,  first  in  one  direction  then  reversing  the  direc¬ 
tion  so  as  to  avoid  accumulative  zero  shifts  during  testing.  The  load  reversals 
were  obtained  by  inverting  the  shear  specimen  in  tlie  test  fixture. 


DOTTED  MIDPLANE 
CONTAINS  SILICON  WIRES 


Figure  B-1.  Schematic  of  Shea 


1/2"  Wood 
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STV  NO.  2  GAGE  CALIBRATION  AND  TEST  DATA 
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RAW  CALIBRATION  DATA 


The  following  calibration  curves  for  the  normal  stress  gages 
were  obtained  (before  the  grain  was  cast)  with  the  units  bonded  in 
place  in  the  STV.  The  motor  was  internally  pressurized  in  10  psi 
steps  while  the  electrical  output  of  the  gages  was  monitored.  The 
results  are  given  in  Figures  C-1  to  C-8  for  test  temperatures  of 
28°,  77°  and  130°F.  The  finally  accepted  gage  calibration  data  are 
summarized  in  Table  C-1. 

Additional  shunt  resistances  were  added  to  the  circuits  to 
reduce  the  output  voltages  at  zero  stress.  All  of  the  normal  stress 
gages  received  these  shunts  after  the  130°F  calibrations,  while 
gages  3-1,  3-2,  and  4-2  received  additional  shunts  after  the  cali¬ 
brations  at  28°F  (the  final  temperature  for  the  pressure  calibration 
measurements).  These  shunts  produced  vertical  shifts  in  the  curves 
of  Figures  C-1  to  C-8,  but  did  not  change  the  slopes  of  these  lines. 
Therefore,  it  was  only  necessary  to  return  the  STV  to  each  test 
temperature  (28°,  70°  and  130°F)  and  measure  the  new  zero  stress 
output  voltages.  These  latter  voltage  measurements  are  also  tabulated 
in  Table  C-1 . 

The  shear  gage  sensitivity  data,  also  summarized  in  Table  C-1,  were 
obtained  at  34,  78,  and  145'’F.  These  test  results  are  shown  in  Figures  C-9 
and  C-10.  The  zero  stress  calibrations  were  obtained  at  28,  70,  and  130°F 
along  with  those  taken  on  the  normal  stress  gages. 

After  grain  casting  the  STV  was  subjected  to  hydrostatic  pressure  and 
vacuum  loadings  on  the  grain  at  temperatures  from  30  to  130°F.  The  gage 
output  data  are  given  in  Figures  C-11  to  C-27. 


CALIBRATION  BEHAVIOR  OF  PROPELLANT  POHED  NORMAL  STRESS  GAGES 


The  two  normal  stress  gages,  N-1  and  N-2,  were  initially  bonded  in 
place  within  the  STV  and  were  then  embedded  within  live  propellant  in  the 
shape  of  a  rough  1-inch  diameter  hemisphere.  This  is  the  calibration 
technique  previously  devised  at  Lockheed  Propulsion  Company. 


Gage  No.  1  behaved  exactly  as  expected  with  no  special  problems. 
The  gage  sensitivities  for  the  two  half-bridge  circuits  are  shown  in 
Figures  C-28  and  C-29.  Both  half  bridge  circuits  showed  the  same  small 
loss  in  sensitivity  when  calibrated  after  potting  the  gage  in-situ  in 
the  propellant  (compared  to  the  Konigsberg  Instrument  fluid  calibration). 

After  casting  and  curing  the  propellant  grain  the  gages  were  again 
subjected  to  hydrostatic  pressure  testing  at  30°,  70°  and  110°F  using 
10  psi  pressure  steps  to  50  psig,  and  vacuum  pressure  testing  to  about 
5.1  psia.  Structural  analyses  of  this  grain  showed  that  the  nearly 
incompressible  grain  should  only  slightly  attenuate  the  pressure  (applied 
equally  to  both  ends  of  the  grain).  That  is,  about  99.2%  of  the  applied 
pressure  should  be  observed  at  the  gage. 


Expressed  mathematically,  we  can  show  that  the  gage  sensitivity, 
b,  may  be  obtained  directly  from  a  plot  of  voltage  output,  v,  and  the 
applied  pressure,  p, 


^  - 
dp  ■ 


(C-l) 


where  f^  is  the  fraction  of  the  hydrostatic  pressure  that  reaches  the  gage. 
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We  believe  that  the  observed  decrease  In  gage  output  1s  consistent 
with  good  gage  performance  and  Is  due  to  attenuation  In  the  propellant 
caused  by  Its  porosity.  An  estimated  5%  stress  decrease  Is  believed 
attributable  to  this  cause.  The  remaining  differences  are  within  S% 
of  the  original  gage  calibration  results,  which  Is  considered  to  be  a 
reasonable  error  band  for  these  gages. 

Initially,  gage  N-2  behaved  normally  and  showed  only  small  losses 
In  sensitivity  after  the  potting  operation,  as  shown  in  Figures  C-30  and 
C-31 .  Also,  subsequent  pressure  test  data  after  the  grain  was  cast  showed 
no  unexpected  results.  However,  gage  N2-1  evinced  serious  difficulties 
In  the  step  vacuum  test,  which  was  applied  to  the  cast  and  cured  STV 
grain.  This  gage  showed  a  very  high  response  at  30®F  when  compared  with 
the  pressure  test  response  at  the  same  temperature.  The  cause  of  this 
excessive  response  to  vacuum  at  30°F  Is  not  known.  A  possible  explanation 
Is  the  presence  of  a  void  or  unbond  adjacent  to  the  diaphragm  of  the  gage. 

Gage  N2-2  did  not  read  after  tne  preliminary  70®F  pressure  test 
because  of  a  broken  connection.  Thus,  gage  No.  2  was  not  used  In  any  of 
the  planned  comparisons  between  gage  pre-potting  and  potting  In-place  in 
the  motor. 

CALIBRATION  BEHAVIOR  OF  THE  PRE-POTTED  NORMAL  STRESS  GAGES 

Gages  N-3  and  N-4,  both  with  redundant  dual  half-bridge  circuits,  were 
potted  Into  a  3/4-1nch  diameter  by  3/8-1nch  tall  cylinder  of  IBT  115  trowel- 
able  Insulation  material,  as  described  previously.  The  potting  was  performed 
by  ASPC  personnel  at  Konigsberg  Instruments'  Pasadena  facility.  Pressure 
calibration  and  thermal  zero  and  span  condensation  were  also  performed  on 
the  pre-potted  gages  at  Konigsberg 's  Pasadena  facility. 
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Following  calibration  and  temperature  compensation  the  gages  were 
shipped  to  ASPC  and  Installed  within  recessed  holes  In  the  V45  Insulation 
of  STV  No.  2  using  the  IBT-115  material  as  an  adhesive. 

The  sensitivity  data  from  gage  N-3  were  not  as  good  as  those  from 
gage  No.  4.  Figures  C-32  and  C-33  contain  the  sensitivity  versus  temperature 
plots  for  Gages  N3-1  and  N3-2  respectively.  It  was  noted  that  the  ASPC 
pre-casting  calibration  of  the  potted  gage  embedded  within  the  STV  resulted 
In  higher  sensitivities  than  those  obtained  at  Konigsberg  Instruments. 

After  the  grain  was  cast  the  gage  responses  were  much  closer  to  the  original 
calibration  although  they  were  still  high  at  110°F. 

Examination  of  the  raw  data  showed  distinct  curvature  of  the  cali¬ 
bration  curves.  Figures  C-11  to  C-27.  It  Is  believed  that  the  observed  high 
sensitivity  and  non-linear  behavior  of  gage  N-3  were  caused  by  air  bubbles 
or  voids  In  the  potting  compound  near  the  gage.  The  void  partially 
collapses  under  the  pressures  used  In  calibration,  thus  modifying  the 
stresses  seen  by  the  gage  diaphragm.  (Note:  The  relative  positions  of 
the  void  and  of  the  diaphragm  may  lead  to  stress-increasing  or  stress-decreasing 
effects  upon  the  gage). 

Clearly,  in  the  potting  or  pre-potting  of  the  normal  stress  trans¬ 
ducers  great  care  must  be  taken  to  exclude  voids.  This  Is,  of  course, 
true  whether  the  potting  material  Is  an  inert  IBT-115  Insulation  material 
or  a  live  propellant. 

Gage  N-4  behaved  In  an  exemplary  fashion  throughout,  from  the 
Initial  calibration  In  the  potting  material  at  Konigsberg  Instruments 
to  the  final  pressure  step  check  when  embedded  within  the  STV  grain  at 
ASPC.  The  gage  sensitivity  versus  temperature  curves  for  the  two  half¬ 
bridge  circuits  are  shown  In  Figures  C-34  and  C-35.  These  curves  show  that 
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the  Initial  calibration  at  Konigsberg  Instruments  and  the  later  ASPC 
calibration  with  the  gage  bonded  In  place  In  the  STV  resulted  In  almost 
Identical  gage  sensitivities  at  the  three  temperatures.  As  expected, 
the  hydrostatic  pressure  and  vacuum  testing  of  the  STV  after  the  propel¬ 
lant  grain  was  cast  showed  smaller,  but  acceptable  (considering  grain 
attenuation  and  a  5X  error  band)  gage  response. 


TABLE  C-1 


SUMKAKY 

OF  STV  NO. 

2  GAGE 

CAl.l  ORATION 

DATA 

Gage 

Gage  Sensitivities* 

Zero  Stress  Output 

(  ill  STV) 

Ni;rioer 

2b:t 

.JJ^L 

■'T3W 

28°  K 

/O'F 

130°F 

Nl-1 

0.679  MV/psi 

0.779 

0.793 

0.25  MV 

0.104 

0.042 

Nl-2 

0.C61 

0.775 

0.808 

0.72 

-0.800 

0.933 

N2-1 

0.816 

0.826 

0.815 

2.00 

0.120 

0.667 

N2-? 

0.818 

0.829 

0.815 

1.90 

0.247 

0.198 

N3-1 

0.916 

0.935 

0.920 

2.04 

0.084 

-2.451 

N3-2 

0.938 

0.948 

0.933 

2.23 

-0.416 

-3.066 

N4-1 

0.819 

0.845 

0.841 

1.84 

0.5B7 

-1.413 

N4-2 

0.787 

0.810 

0.803 

-0.60 

-0.147 

0.016 

34°F 

78°  F 

143°F 

SH-1 

4.08  MV/psi 

4.62 

5.50 

1.17 

-2.480 

-4.257 

SII-2 

-5.41 

-6.25 

-6.71 

6.26 

1.540 

-3.228 

*  Sipn  convention  for  normal  stress  transducer  sensitivity: 
output  is  positive  for  a  pressure  load  (compressive  stress). 


Gage  Output,  mv 


Pressure, psig 


C-5.  STV  No.  2  Normal  Gage  N3-1 
(Best  Linear  Fit) 
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Figure  C-10.  STV  No.  2  Shear  Gage  SH-2 
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Output  ,  mv 


Figure  C-11.  Millivolt  Output  of  Normal  Stress  Gage  Nl-1  During 
Hydrostatic  Pressure  Test  of  Propellant  Grain  STV-2 


Pressure,  ps1g 

Figure  C-12.  Minivolt  Output  of  Normal  Stress  Gage  Nl-2  During 
Hydrostatic  Pressure  Testing  of  Propellant  Grain 
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Figure  C-13.  Mini  volt  Output  o 
Hydrostatic  Pressure  Testin 
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Figure  C-14.  Millivolt  Output  of  Normal  Stress  Gage  N2-2  During 
Hydrostatic  Pressure  Testing  of  Propellant  Grain 
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Figure  C-23,  Millivolt  Output  of  Normal  Stress  Gage  N3-1  During 
Vacuum  Testing  of  Propellant  Grain  STV-2 
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Figure  C-24.  Millivolt  Output  of  Normal  Stress  Gage  ^ 
During  Vacuum  Testing  of  Propellant  Grain  STV-2 
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Figure  C-26.  Millivolt  Output  of  Normal  Stress  Gage  N4-2 
During  Vacuum  Testing  of  Propellant  Grain  STV-2 
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Figure  C-27.  Millivolt  Output  of  Shear  Stress  Gages  SH-1  and  SH-2 
During  Vacuum  Testing  of  Propellant  Grain  STV-2 
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Figure  C-32.  Comparison  of  Calibration  and  Test  Data  for  Gage  N3-1 
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Figure  C-33.  Comparison  of  Calibration  and  Test  Data  for  Gage  N3-2 
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STV  NO.  3  GAGE  CALIBRATION  DATA 
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STV  NO.  4  CALIBRATION  AND  TEST  DATA 


RAW  CALIBRATION  DATA 


The  calibration  curves  (Fiqures  E-1  and  E-2)  for  the  shear 
gages  were  obtained  in  laboratory  test  fixtures  at  34,  78  and  142®F. 
But,  the  normal  stress  gage  had  to  be  calibrated  after  bonding  it  in 
place  in  the  STV  (before  grain  casting).  The  sensitivity  values  of 
the  gages  are  summarized  in  Table  E-1. 

It  was  necessary  to  shunt  the  gages  to  reduce  the  zero  stress 
readings  (see  Appendix  C),  so  the  new  values  were  measured  in  the  STV 
at  70,  88  and  110°F.  They  are  also  give  in  Table  E-1. 

Table  E-2  contains  a  complete  tabulation  of  the  grain  stress 
data  taken  on  STV  No.  4  after  the  grain  was  cast. 

CURE  AND  COOLDOWN 

Figures  E-3  and  E-4  show  the  normal  stress  and  shear  stress 
data  measured  during  cure  and  cooldown  of  STV  No.  4. 

An  examination  of  these  figures  shows  that  the  normal  and 
shear  stress  gages  were  functioning  during  the  cure  and  cooldown 
of  the  grain.  The  two  half-bridges  of  gage  N-5  gave  data  close  to 
each  other  (Figure  E-3),  generally  within  1  psi.  But,  the  shear 
data  (Figure  E-4)  exhibited  surprisingly  large  thermal  stresses 
and  the  two  gages  differed  from  each  other  by  about  1.5  psi. 
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TABLE  E-1 


SUMMARY  OF  STV  NO.  4  GAGE  CALIBRATION  DATA 


Gage  Sensitivities* 


Number 

34°  F 

78°  F 

SH3 

4.73  mv/psi 

5.82 

SH4 

4.06 

5.30 

30°  F 

77°F 

N5-1 

.808 

.808 

N5-2 

.807 

.807 

Grain 

Pot 

4.0  V/i 

Zero  Stress  Output  (in 

STV) 

142°F 

70°  F 

88°  F 

110°i 

6.10 

+1.8  mv 

+3.3 

+5.0 

5.56 

+0.1 

+3.0 

+6.6 

130°F 

.808 

+4.2 

+3.8 

+3.3 

.807 

+1.6 

+1.3 

+0.9 

*  Sign  convention  for  normal  st. ess  transducer  sensitivity; 
output  is  positive  for  a  pre.sure  load  (compressive  stress). 
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APPENDIX  F 


STV  NO.  5  GAGE  CALIBRATION  AND  TEST  DATA 
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TABLE  F-1 


Shear  Stress  -  psi 


1  . 
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1  K 


rr  r  [;:2.pia/  lhv'ct 
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f  KMC  r  3.  SllWR  GACt  SH-100 


Shear  Stress,  psi 


^  133*  F 

X  77*  F 
+  30*  F 


M:2.e2G/  6:1.300 
0:2.339/  E:G000 
M:2J379/  B:0JS00 


FIGURE  F-4.  SHEAR  GAGE  SH-101 


Shear  Stress  -  psi 


^  I30‘"  F 

X  77*  F 

+  30*’  F 


B:-B£00 
MrZilia^  B:-IJ300 
M:I.72lr  B:2£00 


FIGURE  F-6.  SHEAR  GAGE  SH-103 


A 


fiage  SH-101 
Slope  =  0.5566 
mv/psi 


Gage  SH-102 
Slope  =  -0.2682 
mv/psl 


Gage  SH-39 
Slope  =  -0.4659 
inv/psi 


-25  -20 


Gage  SH-101 

Slope  *  -0.5145  mv/psi 


5  10  IbSTlo  25 

Differential  Pressure^^ 

Gage  SH-102 
Slope  «  -0.3271 
mv/psi 


Gage  SH-39 
Slope  =  -0.2P99 
mv/psi 


Figure  F-8.  STV  No.  5  Mid-Plane  Shear  Gages-  Output  Versus 
Differential  Pressures  T  =  80“F,  P  =  o 


lC 


Gage  SH-66 

Slope  =  -0.2900  mv/psi 


E 


Figure  F-9.  STV  No.  5  End  Shear  Gages;  Output  vs 

Differential  Pressure,!  =  80°F,  Pm  =  0 

H 


-tU  -ID  -lu  -D 


b  10  15  ~ 

Differential  Pressure 
(P/\  -  Pq).  psi 


Gage  SH-64 
Slope  =  -0.1061 
mv/psi 


Gaoe  SH-66 
Slope  “  -0.4792 
mv/psi 


Gage  SH-100 
Slope  =  -0.2392 
mv/psi 


Figure  F-11.  STV  No.  5  End  Shear  Gages;  Output  Versus 
Differential  Pressure,!  =  SO^F,  Pu  =  200  osi 


I 


Figure  F-12.  STV  No.  5  Mid-Plane  Shear  Gages;  Output  Versus 
Differential  Pressure,!  =  44“F,  P^  =  0 


F-14 


20 


Gage  SH-66 

Slope  =  -0.2101  mv/psi 


Gage  SH-100 
Slope  =  0.1150 
mv/psi 


Gage  SH-64 
Slope  =  -0.1267 
mv/psi 


Gage  SH-64 
Slope  =  -0.0646 
mv/psi 

Gage  SH-66 
Slope  =  -0.3913 
mv/psi 


-20 


Figure  F-13.  STV  No.  5  End  Shear  Gages;  Output  Versus 
Differential  Pressure,!  =  44°F,  Pj^  =  0 


F-15 


25  -20  -15  -10 

Differential  Pressure 
(p«  -  Pg).  psf 


Figure  F-14.  STV  No.  5  Mid-Pl 
Differential  Pressure, 


Gage  SH-101 
Slope  =  0.3608 
mv/psi 


Gage  SH-39 
Slope  =  -0.3283 
mv/psi 


Shear  Gages;  Output  Versus 
44°F,  P,  =  200  psi 


Figure  F-16.  STV  No.  5  Failure  Test  -  Shear  Gage  SH-64 
Output  Versus  Differential  Pressure 
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